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Failure hazard of rockfall sources: some aspects of the hazard 
quantification 

Michel Jaboyedoff(1) 
1) Risk-group, Institut des Sciences de la Terre, Université de Lausanne, CH-1015 Lausanne, Suisse
(michel.jaboyedoff@unil.ch)

Abstract This paper presents two attempts to improve 
rockfall failure hazards assessment. The first is based on 
the matrix hazard approach, it tries to assess the failure of 
medium size rock instability based on two parameters the 
rockfall activity and the deformation. It assumes that if a 
rock mass starts to be deformed, which is measured as the 
displacement divided by the length of the landslide in the 
direction of displacement. When it is larger 0.001% per 
year, it starts to be significant. If this is coupled with 
rockfall temporal frequency above 0.1 per year for boulders 
larger than 1 m3, the hazard is significant. The matrix is 
created with four classes numbered 1 to 4 for both activity 
parameters and higher is the sum of both higher is the 
hazard level. The second attempt is a validation of the 
volume temporal frequency cumulative distribution 
obtained by comparing the result of inventory of fallen 
rock volumes and the distribution obtained using the 
potential unstable volumes. The volume distributions may 
be obtained by comparing point clouds for the fallen 
volumes and by using structures or other methods to 
define the unstable volume and their limits. These 
methodologies are in an early stage, the results are not yet 
confirmed, but they may be tested and used in the case of 
fast risk hazard and risk assessment. 

Keywords rockfall source, hazard, volume, activity 

Introduction 

In its simplest form rockfall hazard H is composed of two 
terms: =   ×  [1] 

 is the temporal frequency or hazard failure and Pp the 
probability of propagation, which ranges from 0 to 1. Here 
we will deal only with the  variable. Up to now there has 
been no simple method that permits to evaluate this value 
in all cases. Its evaluation is mainly dependent on the 
available data (Jaboyedoff et al. 2021).  

The best case is to get an inventory in a region, which 
allows to obtain a cumulative distribution such as power 
law (Hungr et al. 1999; Dussauge-Peisser et al. 2002; Hantz 
2011). It means that larger the volume is the smaller the 
temporal frequency of failure. The question can be how to 

validate this approach. Here we propose to compare the 
distribution of the released volumes with the potential 
unstable volume distribution to verify if the distributions 
possess the same trend.  

This also means that large volumes can be released, 
albeit rarely. As observed by several authors, the failure of 
a larger volume can be preceded by smaller rockfalls 
(Guerin et al. 2020a; Rosser et al. 2015). Using this 
argument with an estimation of the deformation it seems 
possible to provide a ranking of failure hazard for medium 
volume from 100 m3 to several 1,000,000 m3 in a quick and 
simple way.  

Temporal frequency for rockfall using power laws 

Inventory of fallen rockfall volume can be obtained from 
the differences of cloud points either provided by Laser 
scanning of Structure or Motion techniques (SfM). 

Volume power laws 
A power law distribution of the rockfall volume sources 
were first shown in Yosemite Valley (Wieczorek et al. 1995) 
and confirmed by a recent study (Guerin et al. 2020b). The 
temporal frequency of failure of volume larger or equal to 
V is given by (Dussauge-Peisser et al. 2003): 

N( ) = =   [2] 

where N0 is the number of failures larger or equal to V0 
that occurred during a period t and b is the exponent 
that can be deduced from the cumulative volume 
distribution taken from an inventory (Fig. 1). The return 
period  is given by: ( > ) = ( ) [3] 

This method permits to assess rockfall hazards (Hungr et 
al. 1999; Dussauge-Peisser et al. 2002; Hantz 2011). This 
allows to obtain the probability that n instabilities of 
volume larger or equal to V are produced during a period 
T, with  = 1/ , (Hantz et al. 2003): P( , ) = ( )!  [4]
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For instance, the probability that during the period T at 
least one event occurs (Hantz et al. 2003): 
 P( > 0) = 1   [5] 

 
Other types of distribution laws may be used, as for 

instance the generalised Pareto distribution (De Biagi et 
al. 2017). 

Hantz et al. (2020) propose to normalise per unit of 
surface the parameter a, which is given in rockfall number 
per unit of surface area and year [hm-1 year-1].  

It must be noticed that the b value increases with 
diminishing the interval of time between point clouds 

acquisitions (Van Veen et al. 2017; Williams et al. 2018; 
2019). This means that larger volumes are apparently more 
frequent if the inventory of volumes is based on the 
difference between two acquisitions with a longer time 
separating them. Often power laws show rollovers for a 
small value, which means that small volumes are not fully 
identified. In addition, there are some maximum limits for 
the volume because of the size of the rock wall, and then 
the distribution starts to be steeper for large volumes. 

Recently Hantz et al. (2020) have used geological 
strength index (GSI) and joints spacing to characterise the 
parameter a and b of the power law applied to unlocalized 
hazard in a rock wall. 

 
 

 
 

 
Fig. 1 (a) Example of rockfall source area detected using terrestrial laser scanner data in the Mont Saint-Eynard cliff (France). Comparison 
of point cloud in August 2009 and November 2012. (b) Power law obtained from 344 scars > 0.05 m3 (modified after Guerin et al. 2014). 
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Large rockfall hazard of failure 

The hazards of failure of large rockfall source areas can be 
estimated using a simple method, based on activity 
assessment, especially in the case of the situation of rock 
slopes close to of equilibrium. 
 

 
Fig 2. Failure hazard levels based on rockfall frequency and 
deformations. Red = high, orange = medium, yellow = low and 
white = null. The black point corresponds to the cliff of Fig. 1. 

 
The activity of a rock instability of medium size, 

leading to failure can be characterised based on 
deformation, either by the ratio of the observed movement 
of the length of the instability in the direction of the 
deformation (Chigira 2009), or by the activity of block falls 
(Jaboyedoff et al. 2012). Thus, when the deformation of a 
rock mass is accompanied by rockfall activity, then the 
higher the deformation and/or rockfall are, the more likely 
the instability is to fail. So, a matrix can be constructed 
with the deformation and the rockfall frequency per unit 
of surface. The latter can be defined by the a parameter of 
the power law with the units [hm-1 year-1].  

Fig 3. shows a cliff made of carbonates, the rockfall 
temporal frequency or a  1 events hm-1 year-1 (in fact, it 
corresponds to the number of rockfalls equal or larger than 
1 m3 because l0g(1)=0). For the observed deformation are 
low, it can be estimated to be lower than 0.01% per year, 
but most probably more than 0.001% per year (Fig. 4). So, 
in that case the observed activity is medium. This result 
can be compared to the result we can obtain for this cliff 
area using the data of Dussauge-Peisser et al. (2002) which 
gives a temporal frequency of 0.002 events per year for 
rockfall sources greater or equal to 1000 m3 for the 1 km 
wide cliff of Fig. 1.  

 
Validation of power laws 

Creating good linear fitting in graphs in log-log scale is 
often rather easy but it does not mean that the results are 
relevant (Fig. 1), it means that it is important to check the 
validity of the results.  

First it can be confirmed by performing several years of 
surveys comparing the a and b values for each year. The 
year is important to avoid the impact of seasons on 
activity, or the same season must be chosen for 
comparison.  

Another solution is to create a distribution of the 
potential volumes that are potentially unstable and can fall 
and compare the b-value of both distributions.  

The instability volume can be either defined by simple 
calculation of using the structures as limits or using the 
sloping local base level (SLBL) (Jaboyedoff et al. 2020). 

 
Volume estimations 
The first technique is to use the surface area of the 
instability multiplied by its average thinness or to use 
predefined shape parallelepipeds.  

The second technique is to use the structure to define 
planes following traces of discontinuities on a 3D point 
cloud to define volumes.  

The third method is the SLBL, which can be 
summarised as follows. SLBL construction is rather simple. 
The perimeter of the instability must be defined. The 
principle is based on an iterative process. The SLBL routine 
dig “numerically” a gridded DEM (z(t)ij) inside the defined 
limits perimeter. 

At each iteration t, each grid node of the digital 
elevation model (DEM) an “average” ztemp(t)ij of all the 
altitudes of the neighbours of the previous iteration z(t-1)ij, 
i.e. (f(zn(t-1)) are estimated. zn means the neighbours nods. 
A positive or null constant C (tolerance) is subtracted to 
the average, i.e.: 

 ztemp(t)ij = (f(zn(t-1)) - C)   [6] 
 

This step generates a new grid assuming that if ztemp(t)ij < 
z(tk-1)ij, then z(t)ij = ztemp(t)ij; otherwise, the value is 
unchanged. z(t)ij value can also be limited for instance by 
another DEM or by assuming a lower limiting slope angle 
of the failure surface. The iteration is repeated until all the 
differences over the grid (ztemp(k-1)ij - z(t)ij ) reach a given 
threshold. It must be underlined that C depends on the 
grid cell size x, but this can be considered (see Jaboyedoff 
et al. 2020). 
 
Method 
If the observed fallen volumes follow a power law 
distribution, it can be compared to the volumes that can 
potentially fail, which can be defined by the previous 
methods.  

If the b values are similar by less than ±0.1, this may 
prove that the fallen volumes characterize the morphology 
of the rock wall well and it can be concluded that the 
hazard of failure possess a good confidence level.  

This have been shown in a quarry that suffer landslides, 
for which we cannot reproduce data. 
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Fig 3. Example of construction in 3D of the basal failure surface of an inability at Lausefjellet in western Norway: a) photograph of the 
instability; b) prolongation of discontinuity traces by planes; c) result for failure surface under the instability; d) elevation differences 
between the present topography and the surface in (b) (from Jaboyedoff et al. 2020). 

 
 

 
 

 
Fig 4. Synthetic example of the method, both observed and 
potential volumes possess similar b values. 

 

Discussion and conclusion  

This short communication presented tools to better 
characterize the failure hazards of sources of rockfalls. The 
first method is an attempt to obtain a hazard level 
observing both types of activities deformation 
(movements) and rockfalls activity. It assumes that when 
both are present, the hazard of failure is increased, which 
has been observed in several examples. This first attempt 
uses limits proposed by Hantz et la. (2020) for the activity 
and extend it, based on a logarithmic scale. Concerning 
the deformation levels, it used the values proposed for 
large landslide (Jaboyedoff et al. 2012). All must be 
improved by using more case studies to set the limits of 
both logarithmic scale of the matrix. Its application is 
probably useful for assessing failure near the limit 
equilibrium.  

The second method tries to make the failure hazard 
based on power law volume – temporal frequency 
relationship more objective. Indeed, there exist no real 
validation of power-law distribution, because the 
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variability of the b factor can be large. For that purpose, 
the potential unstable volumes are estimated using 
volume estimations based on various method methods 
such as SLBL. The agreement of both b values may be a 
test for the quality of the power law hypothesis for the 
volume. But this must be applied in many other cases to 
be validated. Such behaviours have already been observed 
partially verified at the level of the entire slope (Jaboyedoff 
and Evans 2005), showing that it needs further 
developments.  
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Abstract Climate changes are expected to increase the 
frequency and magnitude of the most intense 
precipitation events. In addition, the elements of the 
hydrological cycle and the seasonal characteristics of 
climatological and hydrological processes are expected to 
change in the future. Therefore, these changes will also 
affect the frequency, magnitude, and impact of landslides, 
debris flows, rockfalls, and similar natural hazards. This 
paper reviews recent studies conducted by Slovenian 
researchers, focusing on Slovenia and other European 
countries. Special emphasis is placed on the characteristics 
of precipitation events responsible for triggering mass 
movements and on an overview of the effects of climate 
change.  
 

Keywords Rainfall characteristics, landslides, debris 
flows, rock falls, climate change, Slovenia. 
 
Introduction 

It is clear that global warming and the associated effects of 
climate change affect the stability of slopes and have 
consequences for landslides, rock falls, debris flows, and 
similar phenomena (Gariano and Guzzetti 2016). However, 
it is not clear to what extent climate change will affect the 
frequency and magnitude of mass movements in different 
parts of the world (Gariano and Guzzetti 2016). It can be 
seen that mass movements activity is or will increase in 
many parts of the world including parts of Asia, Africa, 
North and South America (Gariano and Guzzetti 2016). 
Among all continents, Europe is the most diverse in its 
response to climate change in terms of mass movement 
activity (Gariano and Guzzetti 2016). Hence, additional 
attention should be paid to this part of the world to better 
identify climate change's changing patterns and impacts. 
Therefore, this paper provides an overview of recent 
studies conducted by Slovenian researchers focusing on 
precipitation characteristics related to the triggering of 
landslides, debris flows and rock falls. 
 
Larger-scale studies  

Rainfall event characteristics above the empirical global 
rainfall thresholds at the continental scale 
Bezak and Mikoš (2021) investigated characteristics of 
rainfall events positioned above the empirical global 

rainfall thresholds for landslides triggering. The focus of 
the study was to analyse the magnitude and frequency of 
rainfall events. Changes for the areas classified as at least 
moderately susceptible to landslides (according to the 
ELSUS v2 map; 1.8*106 km2) were evaluated for the 1961-
2018 period where precipitation reanalysis data was used 
as input (Bezak and Mikoš 2021). It was found that around 
15% more rainfall events were detected above the selected 
thresholds for 1991-2018 period compared to the 1961-1990 
period (Bezak and Mikoš 2021). Additionally, several 
regions across Europe were detected where these changes 
were positive and statistically significant with the selected 
significance level of 5% (Bezak and Mikoš 2021). Such 
examples are Italy or the Carpathian Mountains, where 
landslides frequently occur (Fig. 1). There were also 
regions where the detected changes were negative (and 
statistically significant) such as the Alps or Pyrenees (Fig. 
1). Moreover, no significant change could be detected for 
around 50% of the area. Hence, it can be seen that climate 
change already has an effect, in some parts of Europe, on 
the rainfall characteristics that could trigger landslides or 
debris flows. 

Human exposure to landslides  
Recent study also investigated human exposure to 
landslides. Modugno et al. (2022) used a GIS-based and 
multi-scale approach to indicate when and where a 
country is affected by a high probability of landslide 
occurrence (Modugno et al. 2022). It was shown that most 
of the people living in landslide hazard areas are located in 
Asia in countries such as Nepal, India, Philippines, etc. 
Exposure in Europe is generally smaller than some other 
parts of the world. However, countries like Italy, 
Switzerland, and Slovenia have quite high exposure. A 
recent study showed that 48 million people are exposed to 
landslides in Europe (Mateos et al. 2020). While the 
number of fatalities in Europe is relatively small (i.e. 39 in 
the 2015-2017 period by 3,907 landslides (Mateos et al. 
2020) or 1,370 deaths in 1995-2014 (Haque et al. 2016)), the 
number of fatalities is much higher in other parts of the 
world, exceeding 1,000 in the 2007-2018 period in countries 
such as Brazil, India, Philippines, China, etc (Modugno et 
al. 2022). Therefore, a novel methodological approach, 
such as the one proposed by Modugno et al. (2022), will 
need to be developed in the future to predict landslides 
better, debris flows, and rock falls. 
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Figure 1 Relative difference between recent and historic periods (1991-2018 and 1961-1990) based on the consideration of the normalized 
threshold. Pink line shows the area at least moderately susceptible to landslides. Adopted after (Bezak and Mikoš 2021). 

 

 
Figure 2 Soil moisture reanalysis data (m3/m3) on a specific date (i.e. 1.1.2010) and all the landslides included in the FraneItalia database. 
Adopted after Bezak et al. (2021). 
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Improving landslides predictions  
Recently, Bezak et al. (2021) tested the added value of the 
reanalysis soil moisture data (i.e. Copernicus Uncertainties 
in Ensembles of Regional Reanalyses (UERRA)) in 
predicting historical landslides events in Italy (Fig. 2). It 
was found that precipitation is much better predictor of 
landslides occurrence compared to soil moisture data. 
Moreover, using only soil moisture data (without 
precipitation) a small fraction of landslides could be 
predicted. However, other more detailed satellite-based 
soil moisture data should be tested to additionally evaluate 
the added value of the soil moisture data.   

 
Slovenian case studies  

Besides global and continental studies, Slovenian 
researchers have also focused on the smaller-scale studies 
including national ones with focus on Slovenia. 
 
Rainfall events characteristics 
Bezak and Mikoš (2019) investigated trends and temporal 
changes in intensity-duration-frequency (IDF) and 
extreme rainfall events that can also trigger landslides and 
other mass movements (Bezak et al. 2016). Using high-
frequency data for 10 rainfall stations with 44 years of data 
(i.e. 1975-2018) it was found that no clear pattern could be 

detected in precipitation trends. Minimal changes in the 
seasonal characteristics of 5- and 30-minutes rainfall 
events (tend to occur a few days earlier, Fig. 3) and of 360- 
and 720-minutes events (tend to occur a few days later) 
were detected. Moreover, Bezak et al. (2016) also 
investigated the possibility to use copula functions for the 
definition of the IDF curves and compared these curves 
with empirical global rainfall thresholds that are used for 
the shallow-landslides triggering.  

Jordanova et al. (2020) reconstructed the cumulated 
event rainfall and the duration of the rainfall conditions 
responsible for landslide occurrences for the period of 
2007 and 2018 in order to obtain reliable thresholds that 
could be implemented in a landslide early warning system. 
 
Climate change studies  
Several recent studies have investigated a direct climate 
change impact on conditions related to landslides 
triggering. (2021) studied climate 
change impact on landslides in the mid of the 21st century 
in Slovenia. They used the Representative Concentration 
Pathway climate scenario (RCP4.5) and MASPREM 
(landslide prediction system) system for modelling. They 
found that extreme rainfall events are likely to occur more 
frequently in the future (2041-2070; Fig. 4), which may lead 
to a higher frequency of landslides in some areas in 
Slovenia. 

 

 
Figure 3 Temporal clustering of the annual maximum rainfall events with the duration of 5 minutes. Red line indicates the median Julian 
data and the dotted black lines indicate 25% and 75% Julian date. Adopted after Bezak and Mikoš (2019). 
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Bezak et al. (2021b) also investigated impact of 
climate change on the water balance elements of the 
Koroška Bela area 

. The results 
indicated that total and effective rainfall could increase in 
future. Due to the air temperature increase we could also 
expect an increase in the evapotranspiration. However, 
these changes does not linearly translate in the water 
balance elements of the Koroška Bela area (Bezak et al. 
2021b). More specifically, projected changes in the total 
runoff, percolation, etc. are within the range of 5% 
compared to the baseline period (Bezak et al. 2021b). 
Additionally, mGROWA water balance model was also 
used to evaluate possible changes in the water balance 
elements  for the Koroška Bela area. 
An example of such modelling results is shown in Fig. 5 for 
the groundwater recharge variable.  Moreover, changes in 
the IDF curves were also evaluated (Fig. 6) and also no 
significant changes between future and baseline periods 
could be detected (Fig. 6). In general the climate change 
evaluation in Slovenia was conducted by the Slovenian 
Environment Agency (ARSO)  but 

they did not focus specifically on mass movements such as 
landslides or debris flows. 
 
Modelling improvements 
Several improvements have also been made with respect 
to landslides-related modelling. The landslide prediction 
system for modelling the probability of landslides through 
time in Slovenia (MASPREM, Fig. 7) has been in operation 
since 2013 et al. 2016). Since then, the system 
has been updated at the national level with new rainfall 
thresholds. At the municipal level, the system now makes 
predictions for 25 municipalities in the scale of 1:25,000 
and at the local level for one landslide-prone area (Koroška 
Bela). A very important part of the system is also the data 
collection, which is done through the application e-Plaz 
(https://www.e-plaz.si/). Also hydrological models have 
been suggested to be applied for the prediction of the 
shallow landslides at the catchment level in Slovenia 
(Bezak et al. 2019a). Moreover, recently several modelling 
applications have been conducted using the RAMMS 
debris flow module at various locations across the country 
(Bezak et al. 2019b, 2020, 2021c; Mikoš and Bezak 2021). 
Example of such simulations are shown in Fig. 8. 

 
 

 
Figure 4 Percentage of areas for which rainfall thresholds between baseline and future periods was exceeded. Six RCP4.5 model runs are 
shown (i.e. one per column). Adopted after (2021). 

 
 
Conclusions 

This contribution provides a short overview of recent 
studies conducted by Slovenian researchers related to the 
triggering and prediction of landslides and debris flows 
under the impact of climate change. As can be seen quite 
some number of studies have been conducted in this field. 
Some of the studies also investigated global and large 
regional scales while others were conducted at national 
scale. However, further research is needed and will be 
conducted in Slovenia. For example, in the scope of the  

 
on-going basic research project “Deciphering the 
sensitivity of rock faces to climatic changes and freeze-
thaw cycles in permafrost-free regions (J1-3024)” climate 
change impact on the rock fall triggering will be 
investigated. Further work is also needed to continuously 
fill landslide inventory with new landslide cases to be able 
to validate susceptibility and triggering models and better 
predict potential climate change impact. 
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Figure 5 Monthly (x-axis) variations in the monthly groundwater 
recharge (y-axis; in mm) for a baseline (1981-2010) and three 
future periods for the Koroška Bela area based on the simulations 
using the mGROWA water balance model. Average values for the 
six GCM/RCMs are shown. 

 
 

 
Figure 6 Comparison of the empirical rainfall thresholds (one for 
Sava River basin and one Global threshold) and IDF curves for 
the 2-year return period for the Koroška Bela area. Adopted after 
Bezak et al. (2021b). 

 

 
 

 

Figure 7 Three major elements of the MASPREM system: landslide susceptibility model, triggering rainfall thresholds and precipitation 
forecasting model. Adopted after (2016). 

 

 
Figure 8 Example of RAMMS debris flow modelling results for the Koroška Bela area using hydrograph as input (peak of around 3,000 
m3/s and magnitude of around 340,000 m3). Flow height at the end of simulation and maximum pressure are shown for the RAMMS 

. 200 m/s2. 
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Abstract The paper deals with landslides in the hinterland 
of the Koroška Bela settlement, located in northwestern 
Slovenia at the foothills of the Karavanke mountain ridge. 
This area is known for numerous landslides. The 
settlement itself is built on the deposits of past debris 
flows, which indicates that its hinterland is prone to slope 
mass movements, which pose a threat to the settlement of 
Koroška Bela, which is very densely populated (about 2000 
inhabitants) and has a well-developed industry and 
infrastructure. In this regard, the hinterland of Koroška 
Bela has been investigated since 2006 within the 
framework of various national and European projects. The 
main geological and geotechnical investigations were 

landslide collapsed and mobilized into a debris flow with 
an estimated volume of 5,000 m³. The trigger was heavy 
rainfall with 200 mm of precipitation in 48 hours. 
Activities following this event focused mainly on 
identifying and understanding the landslide dynamics in 
order to design and implement mitigation measures. To 
achieve this, geological, geotechnical, and geodetic 
investigations were essential. In 2017 and 2019, several 
boreholes were drilled and equipped as inclinometers or 
piezometers. During drilling, we also conducted in-situ 
geotechnical and hydrogeological measurements. Cores 
samples were taken for geomechanical laboratory tests, 
and geophysical surveys were carried out along several 
cross-sections. This paper reports the main engineering 
geological descriptions based on field investigations of 
landslides in the hinterland of Koroška Bela. 
 
Keywords monitoring, modelling, landslide, debris flow, 
Slovenia 

 
 
Introduction 

Koroška Bela is a densely populated settlement located in 
the Upper Carniola region in the northwestern part of 
Slovenia. It was built on the deposits of past debris flow 
and covers an area of about 1.02 km2 
et al. 2021b). Beyond the settlement of Koroška Bela, there 

are mountain slopes that belong to the Karavanke 
mountain ridge. There are numerous landslide areas. 
Some of them could represent the source area of a 
potential debris flow, which could pose a threat to the 
underlying densely populated settlement with about 2000 
inhabitants and well-developed industry and 
infrastructure.  

Historical records also describe that there have been 
several debris flows in the hinterland of Koroška Bela in 
the recent geological past. The most recent event occurred 
in the 18th century and caused the partial or complete 
destruction of more than 40 buildings and cultivated areas 
in the village of Ko  
Since we cannot completely avoid the effects of landslides 
and must adapt to them, it is important to understand 
their dynamics in space and time. Landslide monitoring 
and research on landslide dynamics provide the basis for 
landslide prevention and serve as a prerequisite for 
establishing prevention and mitigation measures. 

In this respect, the mountain slopes above Koroška 
Bela have been studied since 2008 within the framework 
of various national and European projec . 

). 
This paper presents investigations conducted after the 
April 2017 debris flow event and their results with the focus 
on the geological and hydrogeological characterization of 
landslides. 

 
Methodology 

Study area 
The study area has complex geological and tectonic 
conditions. The geological units in this area are mainly 

(2008) and  (2018): 
- Quaternary clastic rocks, colluvium, slope and fluvial 

 
- Triassic to Lower Jurassic carbonate rocks 

 
-  
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- 
carbonate rocks (predominantly alternation of 
siltstone, claystone, sandstone, conglomerate). 

The slope instabilities are mainly related to the 
tectonic contacts between the Upper Carboniferous to 

carbonate and clastic rocks.  
Tectonically, the area is part of the Košuta fault zone 

and is dissected by numerous NW-SE faults linking two 

showed that there are more than 20 landslides, five of 
which are larger than 8,000 m²

 (Fig. 1). Based on previous 

landslides are considered the most active among them. 
Landslide activity can be evidenced by hummocky 

terrain comprised of protrusions and depressions, curved 
pine trees, longitudinal tension cracks, erosion slumps and 
ponds on the surface, as well as the common deformation 

 

 

Investigations 

Recently, in April 2017, part of the 
collapsed and mobilized into mass flow with a large 
amount of debris and vegetation. The sliding material 

flowed several stream. 
This event and historical facts have shown that this area 
requires detailed observation and monitoring to prevent 
or mitigate the consequences of future events that pose a 
direct risk to the settlement of Koroška Bela. 
Consequently, numerous investigations were initiated to 
provide data for the design and implementation of 
mitigation measures. To address this need, geologic 
(including hydrogeologic, geophysical) and geotechnical 
investigations were conducted and used for stability 
analysis. All investigations performed are shown in Tab. 1 
and Fig. 1. For landslide modelling and volume calculation, 
the -SKUA software was used.  

In addition to the listed investigations, climate 
change impact analysis and modelling of potential debris 
flows were performed 
Bezak et al. 2021b). The result of debris-flow monitoring 
revealed that the magnitude of a previous debris flow 
ranged from 100,000 to 400,000 m . In addition, more than 
15,000 m  of material was deposited in the 
watercourses as a result of previous debris flows
torrential floods could mobilize this material and increase 
the magnitude of the potential mass flow (Bezak et al. 
2021b). 

Climate change impact analysis indicates that the 
amount of precipitation, and thus effective precipitation, 
in the area of the Bela stream (hinterland) is expected to 
increase compared to the previous period (Bezak et al. 
2021a). This my increase landslide activity in the future. 

 
 

 
Figure 1 Location of study case and spatial distribution of applied methods.   
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Table 1: An overview of implemented recent investigations. 

 Geotehnical investigations Hydrogeological in-situ tests Geophysical surveys (No. of 
cross-sections) 

 

Real-time 
monitoring 

Landslide Boreholes Incl. Piez. Trench Slug  Pumping Tracking ERT SRT GPR GNSS Exten. 
Urbas 15 6 6 1 9 1 4 6 6 3 5 1 
Potoška 
planina 2 1 1 / / / / 1 1 / 1 / 

 5 3 2 1 8 / / 5 5 / / 1 
 2 1 1 / 1 / / 1 / / / / 

Obešnik 2 1 1 / 1 / / 1 / / / / 
Koroška 
Bela / / / 7 / / / / / / / / 

Sum  12 11   1   12 3  2 
 
 
Results and discussion  

Engineering geological characteristics of major landslides 
The Urbas landslide was recognized as the largest 
landslide in the hinterland of Koroška Bela. The landslide 
has a length of 500 m and a width of about 440 m. The 
landslide covers an area of 177,000 m2. The results of 
geological and geotechnical investigations revealed that 
the volume of the sliding mass is about 1,578,700 m . A 
total of the 15 boreholes with a depth ranging from 21 m to 
40 m were drilled (Tab.1, Fig.1). The six boreholes were 
equipped as inclinometers and piezometers.  

The formation of the Urbas landslide is related to 
complex geological and tectonic conditions. It is defined 
as a rotational landslide and was formed at the tectonic 
contact between the Triassic carbonate and Carboniferous 
clastic rocks, mainly composed of siltstone and claystone. 
The main scarp was formed at the contact between the 
Carboniferous clastic rocks and dry talus material 
accumulated below the steep limestone ridge. In this part, 

. 

The central part of the landslide consists of 
tectonically deformed and weathered clastic rocks with 
very low geomechanical properties and permeability. In 
this part, the depth of the landslide is about 10 m.  

The most active part of the landslide is the lowest 
part. It consists of tectonically deformed and weathered 
clastic rocks mixed with a large amount of carbonate talus 
material. In addition, the Bela stream causes erosion and 
contributes significantly to the mobilization of the sliding 
material downstream (Fig.2).  

The strong activity of the landslide can also be 
evidenced by the 
sheared during the monitoring period of about six months.  

Separated by a stable limestone ridge, a smaller 
was formed south of the Urbas 

19,000 m2. The transverse width of the landslide at the 
widest part is about 120 m, and the length from the upper 
to the lower edge of the landslide is about 270 m. 

 

 
Figure 2 Engineering geological maps of  
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Together with the Urbas landslide, 
landslide is one of the most active landslides in the wider 

landslide is much smaller, but much more active, which is 
also known from past debris flow events. Moreover, the 
path from the landslide to the settlement is shorter and 
narrower compared to the 

26,000 m2 and its volume was estimated to be about 
h 5 

boreholes, two of which were equipped as piezometers and 
three as inclinometers (Tab. 1, Fig. 1). The depth of the 
boreholes was 40 m.   

defined by complex geological and tectonic conditions. 

debris material deposited as a result of fossil mass flows. 
This material consists of silty gravel mixed with limestone 
blocks.  

The main scarp was formed in debris material. In the 

that is tectonically deformed and highly weathered. This 
limestone block is very prone to instability and is also a 
source of debris material.  

Boreholes and inclinometers indicate that the 
maximum shear surface occurs at a depth of 28 m, while 
the average sliding surface is deep 

at 
the contact between the debris deposits and the weathered 
bedrock. In this case, all inclinometers are still operative, 
although the measurements detect a constant 

 
first identified in 2017 in 

the frame of detailed geological mapping of the Koroška 
Bela hinterland. The landslide was investigated with two 
boreholes (1 inclinometer, 1 piezometer) with depths of 25 
and 17 m, respectively (Tab. 1, Fig. 1). 

Detailed geological mapping revealed that this area 
could pose a threat to the settlement due to (Fig. : the 
location and orientation of the landslide, which gravitates 
towards the settlement of Koroška Bela short distance 
between the Koroška Bela settlement and the lower part of 
the landslide  (less than 250 m) the presence of 
strong erosion in the torrent channels that gravitate 
directly towards the settlement of Koroška Bela. 

21,200 m2. The 
geotechnical measurements showed that the depth of the 
sliding surface was determined to be 2.
upper part of the landslide, while the sliding surface in the 
middle part was estimated to be 10 m deep. Compared to 
the s, this landslide is shallower. 
It consists of several successive rotational landslides 
related to the layer of weathered bedrock and the 
groundwater table (Fig. . 

 
 

 

 
Figure  per) and  (lower) landslides. 
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The  
during the detailed engineering geological mapping. It was 
investigated with two boreholes (Tab. 1, Fig. 1). The depths 
of both boreholes were 25 m. 

Detailed geological mapping showed that this 
landslide is active and potentially dangerous due to its 
size, steep slope and strong erosion. The landslide is 
moving towards the torrent channel, which is a left 
tributary of the Bela stream. The sliding material could 
dam the confluence or reach the settlement as a debris 
flow. The landslide is about 400 m long and about 80 m 
wide. It covers an area of 28,150 m2. The maximum depth 
of the sliding surface was estimated to be 20 m (Fig. 
sliding material consists of weathered bedrock of clastic 
rocks. Clayey gravel and sand with clay and silt layers are 
predominant. 

 
Hydrogeological conditions of landslides  

The landslides above Koroška Bela have heterogeneous 
hydrogeological conditions and cannot be characterised 
uniformly due to complex geological and tectonic 
conditions.  

In the case of the 
landslides, groundwater is recharged by the infiltration of 
precipitation and subsurface flow from carbonate 
hinterland. In the upper parts of the landslides, the 
groundwater occurs at the contact of slope deposits and 
weathered clastic rocks. Because of the steep slope, the 
water flows rapidly, especially during heavy precipitation. 
The bedrock morphology contributes significantly to the 
groundwater dynamics and the formation of local aquifers. 
The temporary and permanent springs are mainly located 
in the middle and lower parts of the landslides, where the 
weathered clastic rocks outcrop.  

In the case of the , 
groundwater is recharged by infiltration of precipitation. 
In the case of the , the groundwater level 
is just below the surface, while in the case of the 
landslide, the groundwater level was measured at a depth 
of 6 m.  

 
Conclusions 

The main outcomes are:  
- The mechanisms of landslides are determined by 

complex geologic structures, intense tectonics, and 
hydrogeologic predispositions. Consequently, the 
lithological units of the study area are heavily deformed 
and prone to weathering. This leads to weak 
geomechanical properties of the bedrock. 

- The 
the hinterland of the Koroška Bela settlement. The 
formation of both landslides is attributed to complex 
geological and tectonic conditions. The dynamics of 
both landslides depends on hydrogeological 
conditions.  

- The most active part of the Urbas landslide is its lower 
part. The sliding mass consists of tectonically deformed 
and weathered clastic rocks covered with a large 
amount of carbonate talus material. The Bela stream 
causes erosion and mobilization of the sliding material 
downstream. 

- n for past debris flows. The 
most recent one occurred in April 2017 due to heavy 
precipitation.  

- The review of recent meteorological data shows that 
there has been no rainfall event on the scale of the one 
in April 2017 (app. 200 mm/48 h). 

- The historical evidence, recent events and 
investigations confirmed that the landslides Urbas and 

are a source area for debris flows and could pose 
a direct threat to the settlement of Koroška Bela.  

- Implementation of structural mitigation measures is 
essential to protect the population and infrastructure. 
Remediation measures need to be taken primarily on 
the  landslides and in the torrents.  

- with 
their current state and dynamics do not pose a direct 
risk to the settlement. Nevertheless, monitoring should 
be continued and improved.  

- In the future, regular and continuous monitoring of all 
landslides is essential to observe the landslide 
dynamics and to evaluate the effectiveness of structural 
mitigation measures.  
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Abstract This contribution aims to describe the 
geomorphic and kinematic characteristics of gravitational 
collapses that occurred on two different locations in the 
Madonna di Puianello mud-volcanoes field calderas 
(Northern Apennines, Modena, Italy) in February 2015 and 
in December 2020. These phenomena are studied on the 
basis of Global Navigation Satellites System periodic and 
permanent monitoring, SAR-Multi-Temporal 
Interferometry processing, field and Uncrewed Aerial 
Vehicle multi-temporal surveys. Observations and 
monitoring data are discussed with respect to the 
geological setting and geochemical constraints to identify 
potential causes of such events. 
 
Keywords Northern Apennines, mud volcanoes, 
monitoring 

Introduction 

Mud volcanoes are quite widespread phenomena in the 
front “Pede-Apennine margin” of the Northern Apennines 
within the Emilia-Romagna region (Bonini 2007). The 
upward migration of overpressure fluids and/or 
hydrocarbons can manifest on the surface with the 
formation of mud volcanoes up to 2-3 m high or gas vents. 
A mud volcano field is characterized by different eruptive 
phases alternating with calm phases and it can evolve by 
sinking into a caldera-like circular pattern (Bonini 2012). 
Eventually, mud volcanoes can evolve into paroxysmal 
eruptions with destructive consequences as happened in 
91 BC in the Montegibbio settlement (Modena province), 
not distant from these mud-volcanoes field calderas 
(Borgatti et al. 2010). 
 

 
Figure 1 Field impressions of Madonna di Puianello field calderas. a) Active mud volcanoes in the Possessione field; b) Houses damaged 
within the Traino caldera; c) and d) normal rimming fractures in the Possessione and Traino fields. Picture (c) courtesy of G. Bertollini. 
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Figure 2 Geographical and geological setting of Madonna di Puianello mud-volcanoes field calderas. 

From the geochemical point of view, the mud 
volcano fluids are characterized by the absence of Tritium 
content (T < 0.5 TU) and by depleted oxygen ( 18O) and 
hydrogen ( D) stable isotope content ( 18O between 0.0 
and 6.0‰ and D between -30.0 and -10.0‰) and they are 
characterized by an isotope content completely different 
from the precipitation and the normally groundwater 
(Cervi et al. 2012). 

 
Case study and geological setting 

Active mud volcanoes are present within the Possessione 
field (Fig. 1a): they are characterised by 2 gryphons up to 
2.5 m tall with fluids emissions and intermittent gas 
bubbles emerging from the saline muddy water. Manga 
and Bonini (2012) reported, at this same site, an increase 
of activity characterised by the extrusion of mud flows 
containing several clasts with max size of 2.5 cm a few days 
after the 20 May 2012 Emilia seismic sequence. The 
Madonna di Puianello mud volcanoes field has recently 
experienced two major large-scale gravitational collapses 
of significant magnitude in two different locations in 2015 
and 2020 (Fig. 2). Both events started suddenly and 
developed rapidly during less than 12 hours. In February 
2015, at the Possessione field, normal fractures with up to 
25 cm (Fig. 1) of vertical displacement rimmed an area as 
large as 0,5 km2 area (Mulas et al. 2016). At first the uphill 

normal fractures (located at south) were identified as the 
crown of a deep-seated landslide. Later, thanks to field 
surveys, aerial photo interpretation, the phenomenon was 
better identified as a gravitational collapse feature. 
Recently, in December 2020, in the Traino field located 
less than 1 km eastward, another similar event took place 
affecting an area of 0,15 km2. In this second case, sub-
vertical fractures rimming the collapsed area showed 
displacements as high as 5-7 m, evidencing the caldera-like 
collapse nature of the phenomenon (Fig. 1). 

The geology of the area (Fig. 2) consists of the 
Ligurian units and the overlying Epiligurian. Within the 
Ligurian units outcrop the “Arenarie di Scabiazza” (SCB) 
(Late Turonian-Campanian), formed of thin-bedded 
sandstone turbidites and the “Argille Varicolori di Cassio” 
(AVV) (Late Cenomanian–Late Campanian). While the 
Epiligurian Succession is represented by four units: the 
“Brecce Argillose della Val Tiepido–Canossa” (MVT) 
(Chattian-Aquitanian), a thick chaotic body of shales with 
dispersed clasts of heterogeneous sizes and types; the 
“Pantano” (PAT) formation (late Burdigalian- Langhian), 
mainly composed of fine-grained shallow-water 
sandstones; the Termina (TER) formation (Tortonian- 
Messinian) represented by mudstones and turbidite sandy 
limestones, and the “Membro di Montardone” (TER1) of 
the same age formed of shaly argillaceous polygenic 
breccias (Fig. 2).
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Figure 3 Monitoring data collected at the Madonna di Puianello mud-volcanoes field calderas. MTI time-series presented in Fig. 3b are 
representative of mean velocities of pointes selected within clusters “A” and “B” of Fig. 3a. 

 
Monitoring data 

Periodic Global Navigation Satellite System (GNSS) 
surveys, Permanent GNSS and SAR Multi-Temporal 
Interferometry (MTI) are the technique applied for surface 
displacement monitoring. SAR scenes obtained from 
archives represent a key tool to determine displacements 
in an area in the past (Mulas et al. 2015). Using the Small 
baseline implementation of the STaMPS method (Hooper 
et al. 2007) 23 X-band COSMO-SkyMed (CSK) scenes were 

processed. SAR data cover a two-year period (January 2013 
to January 2015), refer to the Ascending orbit and were 
acquired in Stripmap HIMAGE mode. 

In the Possessione field, with respect to the timing of 
the evolution of these phenomena, both periodic GNSS 
surveys (Possessione field) and permanent GNSS 
monitoring (Traino field) and MTI analysis, evidenced that 
movements had substantially return to extremely slow 
rates after the main events. Quantitatively, displacement 
rates returned in the order of 2 mm/year that MTI SAR 
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interferometry shows as long-term trend in both areas 
(Fig. 3b). Planimetric displacements, in the Traino field, 
derived from UAV orthophoto, referred to the Jan. 2021 
survey (Tab. 1), compared to the pre-event AGEA-2018 
orthophoto confirm the metric magnitude observed by 
field surveys (Fig. 4). 

 
Table 1 Topographic monitoring data

Technology Date Site 
MTI 01/2012-01/2015 Possessione field 
Periodic GNSS 05/2015-01/2016 Possessione field 
Perm. GNSS 03/2021-11/2021 Traino field 
UAV surveys 03/01/2021;08/03/2021 Traino field 

 
Isotopes analisys of water samples collected within 

the Possessione field (see location in Fig.3) after the 2015 
event shows 18O (-
(-61.01‰) and a Tritium content of 5.3 TU. These results 
excluded the migration of fluids from the Puianello mud 
volcano to the deformed area and highlighted a meteoric 
origin of the groundwater inside the caldera. 

 

 
Figure 4. Planimetric displacements occurred in the Traino field 
during the Dec. 2020 event: quantitatively measured by 
comparing the UAV derived orthophoto of Jan. 2021 and AGEA-
2018 orthophoto. 

 
Discussion 

Actually, the possible causes of these sudden impulsive 
evolutions are still substantially unknown. The geological 
setting of the area is highly complex, and for a number of 
tectonic reasons highly fractured sandstones of the 
Pantano formation lay in depth underneath clay shales of 

Ligurian and Epi-ligurian sequence. Thus, at least in 
principle, a rapid degasification or reduction of deep water 
fluxes inside the sandstones, could trigger normal faulting 
inside the clay shales cap and determine the caldera-like 
shape observed in the field. Nevertheless, there is no direct 
evidence of any sudden degasification before the events, 
and as a matter of fact, the mud-volcanoes in the field did 
not show any increased activity prior to the collapses. 
Furthermore, water sampled in wells located in the area 
have mostly a gravitational origin, since they do not show 
the distinctive isotopic signature of mud-volcanoes fluids 

18O and 

exclude possible changes of pressure in deep fluids. 
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Abstract Monitoring the evolution of large earth flows can 
be a difficult task when a rapid paroxysmal reactivation 
occurs. When studying landslides that can have a total 
length of several kilometres, it is difficult to select the 
suitable technique to provide reliable and rapidly available 
data to local authorities that are managing the emergency. 
Nowadays, Uncrewed Aerial Vehicle shows strength not 
only for field emergency inspections but also to deliver 
high resolution multitemporal orthophotos. These can 
represent the starting point to obtain spatialised 
displacement maps that could be of great use to support 
decision makers during emergency scenarios. In this 
contribution, we present the application of Uncrewed 
Aerial Vehicle structure from motion tool to images 
acquired in the visible spectrum by comparing the results 
obtained from Robotic Total Station monitoring. 

 
Keywords, Monitoring, Earth slide, Earth flow, Uncrewed 
Aerial Vehicle, Robotic Total Station, Photogrammetry, 
Northern Apennines 
 
 
Introduction 

Large earth flows can alternate long dormant periods to 
phases characterised by paroxysmal reactivations 
involving partially or entirely the landslide body (Bertolini 
and Pizziolo 2008; Mulas et al. 2018; Mulas et al. 2020a). 
Once a reactivation event occurs, it is crucial to rapidly 
assess the portion of the landslide involved and then set 
up the proper monitoring system if infrastructures or 
human activities are at risk. Given the accuracy and 
precision of Robotic Total Stations (RTS) it is considered 
an established technique for monitoring active landslides 
(Giordan et al. 2013; Corsini et al. 2015; Corsini and Mulas 
2016). More recently, the advent of Uncrewed Aerial 
Vehicle (UAV) based photogrammetry represented a 
complementary tool to study and monitor landslides 
(Niethammer et al. 2012; Peternel et al. 2017; Meng et al. 
2021). 

The aim of this contribution is to describe the recent 
reactivation of the Valoria landslide, pointing out the 
peculiarities of the displacement patterns evidenced by 
RTS monitoring and by highlighting possible multiple 
applications of UAV as a tool for an effective landslide 
evolution characterization. This is tentatively done by 
using UAV rapid mode surveys and quantitative 
estimation of displacements by using UAV 
photogrammetric mode surveys. 
 
Case study 

The Valoria landslide is a complex earth flow located in the 
Northern Apennines of Italy, in the upper Secchia River 
basin of the Emilia Romagna Region. It is a rainfall 
triggered and well-characterised landslide (Corsini et al. 
2009; Ronchetti et al. 2007; Tonnellier et al. 2013). It affects 
flysh rock masses and clayey shales for a surface of 1.6 km2 
over a length of 3.5 km. It has a vertical development of 
about 900 m, with the source area at 1,413 m above sea 
level. Between 2001 and 2009, landslide reactivations 
caused repeated interruptions to traffic on a local road. 
This led local authorities to build an overpass bridge in the 
track zone in 2009 to preserve the viability in case of 
further reactivation. From October 2020 to March 2021, 
the Valoria landslide experienced the first paroxysmal 
reactivation since overpass bridge construction, which has 
caused concern for the infrastructure itself. This last 
reactivation is considered as paroxysmal since it involved 
the entire landslide, from crown to toe over a length of 
3 km and with cumulative displacements as large as 300 m. 
This event, like previous ones, has started as a 
retrogressive rotational landslide in the source zone and 
then the masses evolved into an earth flow along the track 
and accumulation zone, so it can be classified as a complex 
landslide (sensu Cruden and Varnes 1996). The downhill 
propagation was characterised by repeated accelerations 
within the period from October 2020 to March 2021. 
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Figure 1 Valoria landslide with marked RTS monitoring prisms and UAV survey modes coverage.

Materials and Method 

Robotic Total Station 
To monitor the evolution of the phenomenon, from 
November 2020 onward a total of 18 prisms (see location 
in Fig. 1) have been continuously monitored (1 hour 
frequency) using an RTS installed on the overpass bridge 
itself (Fig. 2). More in detail, the RTS in use is characterised 
by vertical and horizontal angular accuracy of 0.5”, 
maximum range up to 3.5 km and distance accuracy of 0.6 
mm + 1 ppm. Monitoring points are located uphill of the 
overpass bridge in-between the source and track areas. 
The RTS is remotely controlled to perform hourly 
monitoring cycles (two strata in direct and reverse 
positions) but during the most active phases, frequency 
acquisition was manually increased to 30 minutes to 
preserve target identification. 
 
UAV surveys strategies 
As is common in this field, repeated UAV surveys were 
performed to obtain updated georeferenced orthophotos 
(Thiebes et al. 2016), which would allow to follow the 
evolution of the landslide in unmonitored sectors and, 
eventually, quantify movements. Two acquisition 
strategies have been used: i) rapid mode surveys (RS), 
which cover the entire re-activated landslide area 
characterised by low resolution and accuracy but useful to 
map the landslide evolution; ii) photogrammetric mode 
surveys (P), which cover smaller areas but deliver highly 
reliable results that can be coupled to pointwise data 
obtained by the contextual RTS results. 

More in detail, RS surveys are performed by manually 
capturing the images and manually flying the UAV. It is 
characterised by a relatively low quantity of pictures taken 
with respect to very large areas covered. This will lead to 
the Structure from Motion (SfM) elaboration to lower 
dense cloud outputs with respect to P surveys (Tab. 1). 

 
 

 
Figure 2 RTS location. a) Valoria landslide overpass bridge, 1) RTS 
location; 2) picture take position of Fig.2b. b) RTS installation. 
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Table 1 UAV surveys results. Survey strategies: 
P) Photogrammetric; RS) Rapid Survey. 

Date Survey 
strategy 

Pictures Dense cloud 
(pts) 

Resolution 
(cm) 

08/11/2020 RS 73 10,527,473 10 
21/11/2020 RS 101 14,076,446 10 
21/12/2020 RS 201 14,868,148 10 
23/12/2020 P 496 34,798,151 3.5 
14/01/2021 RS 198 12,391,355 10 
30/01/2021 RS 204 17,507,519 10 
20/02/2021 RS 198 18,314,550 10 
04/03/2021 P 487 51,124,553 3.5 
05/03/2021 RS 207 13,525,463 10 
16/04/2021 P 545 11,537,949 3.5 
19/04/2021 RS 241 11,185,398 10 
18/05/2021 P 535 53,720,054 3.5 

 
Photogrammetric surveys are performed by programming 
automatic photogrammetric missions with the following 
characteristics: flight height 100 m, side overlap 70%, front 
overlap 80%, ground sample distance 2.74 cm/pixel, flight 
speed: 5.5 m/s, area: 0.8 km2 and flight time ~35 minutes. 
In order to allow replication of the SfM workflow 
performed these are the settings used in Agisoft 
Metashape environment: Photo alignment (Accuracy: 
Medium), dense cloud building (Quality: Medium), DEM 
building (Interpolation: Enabled) and orthomosaic 
building (Blending mode: Mosaic). 

 
Results 

The cumulative time-series of displacements resulting 
from RTS monitoring (Fig. 3) depict an initial rapid phase 
(Stage 1) characterised by maximum mean velocities of up 
to 1.3 m/day (period within November to December 2020), 
followed by a less active period (Stage 2) with maximum 
mean velocities of 0.75 m/day (from December 2020 to 
March 2021). Finally, from the end of March 2021, the 
landslide decelerated to several cm/day (Stage 3). Some 
monitored prisms (VL_M04, VL_06 and VL_M16) located 
in the track zone closely uphill the bridge bypass scored a 
total cumulative displacement up to 300 m and showed 
distinctive acceleration and deceleration patterns in 
response to changing geomorphic triggering conditions 
(i.e. mass accumulation/depletion) and meteorological 
forcing factors. 

UAV RS orthophoto outputs, even if characterised by 
lower geometric resolution and less dense cloud points 
than photogrammetric surveys (see Tab. 1), allowed to 
determine and map the evolution of the landslide. In Fig. 
4 it is depicted the area progressively involved by the 
reactivation as interpreted using relevant rapid survey 
orthophotos acquired on 08/11/2020, 21/11/2020, 21/12/2020 
and 30/01/2021. It presents the initial retrogressive style of 
activity in the source area characterised by rotational 
movements that evolved into earth slides (within the 
steepest slopes) and earth flows with downslope enlarging 
style of activity sensu Cruden and Varnes (1996). 

 
Figure 3 RTS cumulative displacements. Prisms VL_M00, 
VL_M07, VL_M08, VL_M09, VL_M10, VL_M11, VL_M12, VL_M13, 
VL_M14, VL_M15 and VL_M99 have total cumulative 
displacements lower than 0.4 m resulting flattened on the 
horizontal axe. 

 
The high resolution (3.5 cm) of orthophotos obtained 

by P surveys allowed to perform the validation of 
displacements derived from feature tracking at four 
different dates (23/12/2020, 04/03/2021, 16/04/2021 and 
18/05/2021) in comparison to those measured by RTS. In 
detail, we have compared planimetric displacements of 
prisms VL_M01 and VL_M04 derived from RTS monitoring 
and feature tracking (prisms location identification) 
operated on the photogrammetric orthophotos. Results, 
presented in Fig. 5, confirm the good accuracy of 
cumulative displacements derived from UAV 
photogrammetric surveys. 

 
Conclusions 

In this contribution, we presented the application of UAV 
SfM algorithms applied to images acquired with two 
different survey strategies (P and RS modes) and distinct 
aims to characterise the recent Valoria landslide re-
activation. The RS survey mode is characterised by rapid 
execution and large area coverage but at cost of the lower 
resolution of the resulting orthophoto. This strategy 
proved to be of help when the first goal is to deliver 
updated maps to support decision makers during 
emergency scenarios. On the other hand, P surveys proved 
their reliability as a quantitative tool and represent the 
starting point for the application of automated spatially 
distributed offset tracking algorithms for landslide 
monitoring (Dahene et al. 2013; Mulas et al. 2016; Mulas et 
al. 2020b). 
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Figure 4 Relevant UAV Rapid survey outputs. Historical outline represents the maximum extension of the landslide area involved in 
previous reactivations. 

 
Figure 5 Photogrammetric survey output vs RTS. a) Prisms VL_M01 and VL_M04 tracking (base map: orthophoto acquired on 
18/05/2021). b) Relative cumulative planimetric displacement comparison between RTS and UAV feature tracking on photogrammetric 
orthophotos. 
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No. EG rock description 
Ultimate 
strength 

Residual 
strength 

 (°) c (kPa)  (°) c(kPa) 
1 Laminated marly limestone (T1) 27,85 168,98 19,39 10,23 

2 Laminated and ringed marly 
limestone (T1) 33,32 83,20 26,34 3,50 

3 Laminated and ringed marly 
limestone (T1) 31,74 49,42 23,82 6,02 

4 Porphyry completely altered with 
tuff breccias (P1) 27,32 40,95 21,23 8,05 

5 Porphyry strongly altered with tuff 
breccias (P2) 32,62 44,50 18,08 4,23 

6 Limestone completely karstified 
(K1) 29,00 9,00 - - 
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Abstract In this study we show a probabilistic model 
based on HVSR recordings dataset collected on a large-
scale, deep-seated rock-slide in Northern Apennines 
(Italy). We addressed the representativeness and 
performance of the model by comparing it with the 
interpretation of existing surveys and by the means of 
cross-validation analysis. We first defined a reference 
landslide kinematic model based on the interpretation of 
1000 m of P-wave seismic refraction tomography and 
900 m of DC electrical resistivity tomography. We 
constrained the interpretation by evidence provided by 
boreholes and an airborne Lidar survey. We then 
performed an indicator kriging 3D interpolation of 129 
S-wave velocity vertical profiles obtained by inversion of 
HVSR surveys, in order to obtain a probabilistic model of 
subsurface S-wave velocity distribution. As required by 
indicator kriging, we modelled three significant velocity 
cut-offs (300, 450 and 600 m/sec), chosen by comparison 
between borehole stratigraphy logs and nearest S-wave 
velocity vertical profiles. Cross-validation analysis was 
employed to optimize the kriging settings. As result, we 
obtained three interpolations expressed in terms of a 
probability for the velocity value at a given location of 
being below the given cut-off. The interpolation based on 
the 600 m/sec cut-off showed the best match with the 
reference model, providing a good estimate of the 
subsurface distribution of low rigidity rock-slide material. 
Despite being an indirect observation, HVSR recordings 
proved to be a good way to extend information from 
existing boreholes and the probabilistic analysis approach 
provides a basis to assess the uncertainty in the 
conceptual model. 
 
Keywords HVSR, Indicator Kriging, deep-seated rock-
slide, Flysch 
 
 
Introduction 

When dealing with the structural mapping of large 
landslides, high heterogeneity and a limited number of 
direct observations lead to uncertainties in the definition 
of a suitable geological conceptual model. In recent years, 

geophysical surveys were widely employed in the 
subsurface characterisation (Bichler et al. 2004; Jongmans 
and Garambois 2007; Thirard et al. 2022). Among them, 
horizontal to vertical spectral ratio or HVSR surveys 
(Nakamura 1989) are also employed to locate the sliding 
surface (Méric et al. 2007; Berti et al. 2017). 

In this article, a probabilistic model of subsurface S-
wave velocity distribution based on indicator kriging of 
129 HVSR surveys is carried out to map the slide inner 
structure and basal sliding surface. We addressed the 
representativeness and performance of the model by 
cross-validation analysis with respect to a reference sub-
surface model derived by the interpretation of other 
existing geophysical and boreholes surveys. 

The aim of the study is to provide a way to 
assimilate the sub-surface’s geomechanical insights 
within a kinematic/structural model to support the 
parameterization of a geotechnical numerical model. 
 
The “Camugnano” landslide 

Study area 
The “Camugnano” landslide is an active, deep-seated 
rotational rock-slide involving flysch rock materials 
located in Northern Apennines (Italy, Province of 
Bologna). The slide’s activity is characterized mainly by 
slow continuous movements and occasional acceleration 
events reported since 1934. Damages to the buildings and 
roads of Camugnano led authorities in the last years to 
perform investigations aimed to a substantial 
understanding of the slide’s kinematics and geometry 
(Fig. 1). A total of eight boreholes equipped with 
inclinometer casing have been installed, together with 
piezometers. The inclinometer records indicate a sliding 
surface reaching the maximum depth of 64 meters in the 
central part of the slide (22-I). Furthermore, electrical 
resistivity tomography profiles show the presence of 
relatively high electrical resistivity volumes (~700 ·m) 
separated by narrow areas of lower resistivity (~ ·m). 
Seismic refraction/reflection profiles aimed to locate the 
sliding surface in between the boreholes, show velocity 
gradients that match inclinometer data and suggest inner 
differentiation within the landslide body. Finally, the 
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interpretation of a Lidar-derived DEM of the study area 
provides morphological constraints to the landslide areal 
extension and its inner structure as well. 

 
Reference sub-surface kinematic units model 
From the joint interpretation of the existing geophysical 
surveys, boreholes and morphological evidence, a 
reference sub-surface kinematic model is defined (Fig. 2), 

in which the slide is depicted as a nested roto-
translational structure. The upper and central parts of the 
slide are characterized by the presence of relatively intact 
rock masses dislocated with each other by intersecting 
sliding surfaces. On the other hand, the lower part is 
characterized by highly damaged materials and the 
presence of a former landslide deposit. 

 

 
Figure 1- Geomorphological map for the Camugnano landslide over Lidar-supported DEM. 

 
Figure 2 - Reference kinematics units sub-surface model. 
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Probabilistic model 

Seismic noise and HVSR method 
Horizontal to vertical spectral ratio (HVSR) passive 
seismic techniques are based on the recording of ambient 
vibrations (e.g., seismic noise) by a three-component 
seismometer. The average Fourier spectrum ratio 
between horizontal (H) and vertical (V) components is 
maximum at the fundamental resonance frequency of the 
investigated site (Nakamura 1989), which in turn depends 
upon the seismic velocity (Vs) and the thickness of the 
investigated underground strata. The frequencies at 
which the H/V peaks can consequently be correlated, 
using regression models, to the depth of the main 
acoustic impedance interfaces. HVSR can be applied in 
seismic site-response analysis and in coseismic landslides 
studies (Bourdeau et al. 2017; Ma et al. 2019). 
Furthermore, it can also be used in sub-surface 
characterization (Méric et al. 2007; Berti et al. 2017; 
Delgado et al. 2021), by a velocity inversion of the 
spectrum itself, providing a multi-layer model of the site 
in terms of S-wave velocity profiles (Herak 2008). 
 
HVRS surveys 
In June 2020 the existing investigation were integrated 
with 129 HVSR recordings. The surveys were done with 
an acquisition time of 12 minutes at 128 Hz sampling 
frequency. Their inversion led to the generation of the 
same number of one-dimensional vertical S-wave velocity 
profiles involved in the next step of the analysis.  

The comparison between the vertical profiles with 
the core of the nearest borehole provided the basis to 
choose the relevant velocity cut-offs required by indicator 
kriging and were namely 300, 450 and 600 m/s. in Fig. 3 
the variogram models for each cut-off is reported. 
 
Indicator Kriging 
Inside each kinematics unit in the reference model, a 
differentiation of the of landslide body according to the 
rigidity of the involved rock and debris masses is to be 
expected. To depict such differentiation, S-wave 
velocities are employed as spatial variable to be modelled. 
Moreover, rock volumes showing higher S-wave velocities 
(e.g., undamaged rock masses beneath the basal surface) 
are expected to be characterized by a higher horizontal 
spatial continuity when compared to the spatial 
continuity of lower S-wave velocities. To deal with such 
complex structure the indicator kriging paradigm is 
employed (Isaaks and Srivastava 1989; Pyrcz and Deutsch 
2014), which allows the modeler to define different 
variogram models for different cut-offs value. 

The method requires the coding of the continuous 
variable (S-wave velocity) into an indicator variable ( , ) according to the following rule: 
 ( , ) =      1,  ( )  0,  

 

where ( ) is the value of the continuous variable at 
location , while  is one of a series of cut-off values. 
Once the indicator variables are coded, a variogram 
model for each of the cut-offs must be defined. The main 
output of the indicator kriging are maps showing the 
probability for the variable at a given location in the 
three-dimensional space to be less or equal to a given 
cut-off. 
 
Model validation 
The output of the indicator kriging can be easily 
processed in terms of contingency matrices. This analysis 
is performed by jack-knifing (Pyrcz and Deutsch 2014), a 
procedure which requires each vertical log to be removed 
in turn and using the remaining ones to estimate the 
values on the removed log locations. A traditional cross-
validation in this case is not suitable since each value in 
the log are closely adjacent and the analysis would have 
led to unrealistically good results. 

This validation procedure is applied to optimize the 
kriging settings and to compare the results derived by 
employing both simple and ordinary indicator kriging. 
Only the best results are shown in Fig. 4 which depicts 
the ROC curves derived by the procedure previously 
outlined for the optimized simple indicator kriging 
algorithm. 

 
Figure 3 - Experimental and modelled variograms. 
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Figure 4 - ROC curves for optimized simple indicator kriging 
settings. 

Results and conclusions 

The comparison with a reference model derived by joint 
interpretation of past surveys showed that indicator 
kriging can differentiate inner volumes while achieving a 
good match between high probability values and sliding 
surface locations detected by inclinometer readings, 
moreover, as showed by ROC curves, indicator kriging 
performs well, especially in estimating low value cut-offs 
(AUC300=0.990, AUC450=0.934, AUC600=0.877). 

The methodology applied in this study can allow 
relevant information regarding the mechanical behaviour 
of landslide’ masses to be coupled with a kinematic 
reference model. Both the elements can support the 
implementation and parameterization of complex 
geotechnical numerical models. 

 
Figure 5 - Comparison between indicator kriging results and reference sub-surface model. The square blue dots represent the sliding 
surface’s location detected by inclinometers, while the dashed red line is the basal surface depicted in Fig. 2. The map corresponding 
to the 450 m/s cut-off shows a good match with the first sliding surface, while the map for 600 m/s cut-off best describes the deepest 
sliding surface. 
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Abstract Statistical analysis of various rock avalanche 
databases provides relationships that link parameters, 
characterizing the collapsing slope (volume, slope height, 
maximal height drop), and parameters characterizing rock 
avalanche mobility (runout, angle of reach, total affected 
area, area of the deposits). Judgment on these 
relationships' reliability and the preferability of their use 
for practical applications can be based on comparing the 
correlation coefficients of corresponding regression 
equations. Obviously, such analysis is most efficient not 
for the entire database but for samples that consider some 
important factors influencing rock avalanche motion. The 
most relevant relationships were derived for three samples 
selected according to the confinement conditions – for 
unconfined, laterally confined and frontally confined 
cases. The best correlations with R2 exceeding 0.9 were 
derived from samples from the Central Asian database, 
between total affected area (dependant parameter) and 
product of rock avalanche volume and its maximal height 
drop (independent parameter). The latter is proportional 
to the potential energy released during emplacement. 
Further progress in this research field could be achieved if 
a larger rock avalanche database, ideally, the global one, 
will be used. Besides higher representativeness of 
regressions derived according to the same sampling 
criteria as described above, it will allow selecting samples 
with more strict characteristics based on some additional 
classification criteria. 

 
Keywords rock avalanche, mobility, volume, runout, 
affected area 
 
 
Introduction: state of the art and some unsolved 
problems 

General approaches 
Statistical analysis of various rock avalanche databases 
provides relationships that link parameters, characterizing 
the collapsing slope (volume, slope height, maximal height 
drop), and parameters characterizing rock avalanche 
mobility (runout, angle of reach, total affected area, area 
of the deposits). Such analysis has been performed, first, 
by Sheidegger (1973), and by Howard (1973), Hsü (1975), 
Davies (1982), Li (1983), Nicoletti and Sorriso-Valvo (1991), 
Shaller (1991), Kobayashi (1993, 1997), Corominas (1996), 

Kilburn and Sørrencen (1998), Legros (2002, 2006), Hungr 
(2006), Griswold and Iverson (2008), Strom and 
Abdrakhmatov (2018), Strom et al. (2019), Mitchell et al. 
(2020), Yu and Su (2021), Liu et al. (under review). 

Despite the conclusion made by Legros in 2002 that 
angle of reach or fahrböschung (H/L), where H is the 
height drop (vertical difference between the headscarp 
crown and the deposits tip), and L is runout (horizontal 
projection of the distance between these points), does not 
have physical meaning, most of the researchers still use 
this ratio as a measure of rock avalanche mobility. 

All these studies demonstrate an increase of the 
runout (L) and a decrease of the H/L ratio with growing 
rockslide volume (V). However, according to relationships 
based on the statistical analysis of a large database from 
the Central Asia region (Strom and Abdrakhmatov 2018; 
Strom et al. 2019), R2 values (coefficient of determination) 
of all L vs. V regressions are 1.63 – 2.44 times higher than 
those of the H/L vs. V regressions derived for the same 
samples. It supports the conclusion made by Legros (2002) 
about the preferableness of just runout to characterize 
rock avalanche mobility. 

Runout, however, is the unidimensional parameter 
that cannot characterize debris motion in the transverse 
direction, which can be critical for hazard and risk 
assessment. Indeed, what rock avalanche can affect a 
larger area with more objects at risk – one that moves 
strictly forward forming a narrow tongue of debris (Fig. 1a), 
or another one that covers a wider area even if its travel 
distance (L) is shorter (Fig. 1b, c)? 

 

 
Figure 1 Morphological types of rock avalanches. L – runout, W0 
– headscarp base width, Wmax – maximal width of deposits (after 
Strom and Abdrakhmatov 2018, with permission of Elsevier). 
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Sampling according to confinement conditions 
It is evident that statistical analysis is more efficient not 
for the entire database, but for samples that take into 
consideration some important external factors influencing 
rock avalanche motion. The most obvious sampling 
criterion is the confinement conditions, according to 
which unconfined, laterally confined, and frontally 
confined cases can be selected (Nicoletti and Sorriso-
Valvo, 1991; Shaller 1991; Strom and Abdrakhmatov 2018; 
Strom et al. 2019). Indeed, it is almost useless to compare, 
for example, the runout of an unconfined or laterally 
confined rock avalanche that came to a halt due to basal 
friction and some internal processes evolving in moving 
debris and causing energy and momentum consumption, 
with that of a frontally confined event where some portion 
of the kinetic energy and momentum is consumed to 
overcome gravity force when moving upslope (Fig. 2) and, 
moreover, during direct impact against the steep opposite 
slope of the valley. 
 

 

frontal confinement. H/L ratio is the same for both cases (after 
Strom and Abdrakhmatov 2018, with permission of Elsevier). 

 
Similarly, how can we compare the deposits' area of 

unconfined and frontally confined rock avalanches that 
can spread in the transverse direction freely, with the same 
parameter of the laterally confined events that can move 
only ahead being bounded by valley slopes?  

This paper presents some approaches how to get 
more relevant and physically-based relationships between 
parameters characterizing the unstable slope and those 
characterizing rock avalanche mobility. They are 
illustrated by relationships derived from the analysis of the 
Central Asia rockslide database (Strom and Abdrakhmatov 
2018). 

 
Relationships derived from Central Asia database and 
some problematic issues 
Statistical analysis performed for samples from Central 
Asian database selected according to confinement 
conditions (Strom and Abdrakhmatov 2018; Strom et al. 
2019) demonstrates that the highest R2 values ranging from 
0.9258 to 0.9361 characterize regressions between total 
area affected by rock avalanches (Atotal) and product of 
volume (V) and Hmax – the elevation difference between 
the headscarp crown and the lowermost point of the 
deposits (Fig. 3).  

Besides statistical significance indicating that the 
affected area characterizes mobility better than just the 

runout, it should be pointed out that V×Hmax is somehow 
proportional to the potential energy released during rock 
avalanche emplacement and, thus, has clear and easily 
understandable physical meaning.  

 

 
Figure 3 Relationships between total affected area and product of 
rock avalanche volume and maximal height drop derived for 
samples with different confinement and their R2 values (after 
Strom and Abdrakhmatov 2018, with permission of Elsevier) 

 
It is interesting that relationships between total 

affected area (Atotal) and runout (L) are almost similar for 
rockslides that moved in frontally confined (339 cases) and 
in unconfined (79 cases) conditions, while average Atotal 
value for 92 laterally confined rockslides is about 2 times 
smaller practically within the entire runout range (Fig. 4). 
It looks as that transverse spreading of unconfined and 
frontally confined rock avalanches is governed by the same 
laws, despite the significant difference in their motion 
mechanics, and that results in the similar increase of the 
affected area compared with laterally confined cases for 
which widening of rock avalanche debris is limited by the 
valley slopes.  

 

 
Figure 4 Relationships between total area affected and runout for 
rockslide samples with different confinement and corresponding 
R2 values (after Strom and Abdrakhmatov, 2018, with permission 
of Elsevier). 

 
This comparison, however, does not take into 

account that unconfined and frontally confined rock 
avalanches that affect the same area, should have a 
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significant difference in their volumes – unconfined 
features that usually form rather thin blankets should be 
much thinner than natural blockages formed in relatively 
narrow valleys with pronounced frontal confinement. 
Multi-parameter correlation analysis is required to 
characterize these relationships adequately. 

Laterally confined cases provide also the anomalous 
relationship between the product of slope failure volume 
and maximal height drop (V×Hmax) on the one hand and 
runout (L) on the other hand. Unlike rock avalanches of 
two other confinement types (unconfined and frontally 
confined) whose regressions have rather high R2 values – 
not as high as for Atotal vs. V×Hmax regressions, but slightly 
higher than for corresponding L÷V regressions, runout of 
laterally confined cases practically does not correlate with 
V×Hmax (Fig. 5). Analysis performed in Strom et al. (2019) 
showed that it is due to a lack of correlation between 
runout and maximal heigh drop for rock avalanches of 
such confinement type (R2 is even lower – compare Figs. 5 
and 6). It should be pointed out that, unlike Figs. 3 or 5 
where independent parameter (V×Hmax) varies for about 6 
orders, Hmax itself varies less than for 1.5 order – from ca. 
100 m to ca. 3000 m only. 

 

 
Figure 5 Relationships and corresponding R2 values of log-log 
regressions between runout (L) and product of rockslide volume 
and maximal height drop (V×Hmax) for rock avalanches with 
different confinement (after Strom and Abdrakhmatov, 2018, 
with permission of Elsevier). 

 
Figure 6 Relationships and corresponding R2 values of log-log 
regressions between runout (L) and maximal height drop (Hmax) 
for rock avalanches with different confinement (after Strom and 
Abdrakhmatov, 2018, with permission of Elsevier). 

Perspectives of further statistical analysis allowing 
better understanding of rock avalanches mobility and 
their more adequate hazards and risk assessment are 
discussed in brief hereafter 

 
Additional sampling criteria 

Multilevel classification proposed in (Strom 2021) allows 
selecting rock avalanche types and subtypes that takes into 
consideration not only confinement conditions described 
above, but also some additional criteria. The latter are the 
deposits' spreading in the direction transverse to that of 
the initial motion (see Fig. 1), and debris distribution along 
the rock avalanche path that can be used as sampling 
criteria for the statistical analysis.  
 
Subdivision of unconfined and frontally confined types 
Unconfined rock avalanches can be subdivided into mono-
directional, fan-shaped and isometric subtypes illustrated 
by Fig. 1. Similarly, frontally confined features can be 
subdivided into compact and widened subtypes (Fig. 7). A 
similar classification of the laterally confined features 
according to this criterion is useless since they are strictly 
bounded by valley slopes that exclude the transverse 
debris spreading.   
 

 

 
Figure 7 Two subtypes of frontally confined rock avalanches.  
a – compact Kainar dam, Central Tien Shan; b – widened rock 
avalanche dam in the Sarmin-Ula Range, Eastern Tien Shan, 
China (after Strom and Abdrakhmatov, 2018, with permission of 
Elsevier). 

a 

b 
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The formation of each of these subtypes is governed 
by interrelations of moving rock avalanche debris with the 
topographic obstacles and/or substrate. It can be assumed 
that statistical analysis can provide some insights into the 
nature of such interrelations.  

For the frontally confined cases, effect of the 
topography of the opposite valley slope with which rapidly 
moving debris collides, or on which it climbs, is more or 
less obvious (see, e.g., Strom 2010). In the case shown in 
Fig. 7a, the momentum gained during the initial descend 
was released by rock avalanche upslope climbing. In 
contrast, the collision of rock avalanche in the Sarmin-Ula 
Range (Fig. 7b) with the triangular spur of the opposite 
valley slope had cut it into two parts that spread up- and 
downstream the valley. 

For frontally confined cases it would be reasonable to 
subdivide the database into samples considering such 
additional parameters as the width of the valley floor (or 
its ratio to the valley depth), straightness or curvature of 
the collision zone, the overall shape of the valley (V-type 
or U-type).  

Variability of the shapes of the unconfined rock 
avalanche deposits can be explained assuming that 
presence or absence of the sidewise debris spreading 
depend on the shear strength of the base over which rock 
avalanche moves (Strom 2006; Strom and Abdrakhmatov 
2018). 

Indeed, distinct sidewise spreading took place at 
large-scale rock avalanches that moved either on glaciers 
like the 1964 Serman Glacier rock avalanche (McSaveney 
1978) or rock avalanches triggered by the 2002 Denaly 
Fault earthquake (Jibson et al. 2006), or on well saturated 
flood plains such as the 2006 Leyte rock avalanche in 
Philippines (Sassa et al. 2010). Similar lateral spreading 
took place at the prehistoric Atdjailau rock avalanche in 
eastern Kyrgyzstan that moved over the kilometre-wide 
flat flood plain of the Inylchek River valley formed by a 
glacier (Fig. 8).  

 
 

 
Figure 8 Remnants of the strongly eroded isometric body of the 
Atdjailau rock avalanche (simplified from Strom and 
Abdrakhmatov, 2018, with permission from Elsevier). 

Strong vibrations produced by the dynamic loading 
of rock avalanche debris rapidly moving over the substrate 
could cause some liquefaction of the saturated alluvium 
that, in its turn, could reduce basal friction significantly. 

Most of the rock avalanches, when they just escape 
from the source zone, move as a rather thick body 
undergoing gradual thinning during its further motion. 
Such gravity-governed thinning produce lateral forces 
directed both forward and sidewise (similar to the 
behaviour of liquid) and, thus, debris spreading in all 
directions. However, the 'additional' forces produced by 
such thinning should be not as high as forces inherited 
from the directed motion under rock avalanche own 
momentum gained during the initial descent. 

If the material of the substrate over which rock 
avalanche moves is strong enough, as it can be expected 
for dry gravelly alluvial fans, the additional forces 
produced by debris thinning and acting in the transverse 
direction, might be too small to overcome basal friction 
that requires some shearing of the material (Grigorian 
1979). In such case thinning would lead to rock avalanche 
body elongation in the same direction as it moves under 
its own momentum only, increasing the runout. 

If, however, rock avalanche moves over glacier ice, or 
snow-covered plain or over liquefiable flood plain with the 
shallow groundwater table, the basal friction can be very 
low. In such cases, the flattening debris can overcome this 
friction force and spread sidewise as well as forward. Snow 
cover can explain the formation of fan-shaped bodies of 
rock avalanches that moved over depression bottoms 
composed of alluvial fans such as an extremely mobile 
16.36 km long Yimake rock avalanche at the eastern foot of 
the Pamir (Yuan et al. 2913). 

Of course, additional analysis is necessary to prove or 
disprove this assumption. In particular, many rock 
avalanches that collapsed on the glaciers have quite 
elongated shape (see Figs. 9 and 10). However, most of 
such rock slope failures were rather small – less than one 
million cubic meters in volume (Strom 2014; Dokukin et 
al. 2019), and, probably there was not enough material to 
produce laterally directed forces large enough to overcome 
even low basal friction. 

 
 

 
Figure 9 Small elongated rock avalanche about 0.3 Mm3 in 
volume at the upper part of the Korpsay glacier (Xingiang, China) 
(after Strom and Abdrakhmatov, 2018, with permission from 
Elsevier). 

 



Proceedings of the 5th Regional Symposium on Landslides, Rijeka, 2022

45 
 

Debris distribution along the rock avalanche path  
This criterion allows classifying rock avalanches regardless 
of the confinement conditions. Three main types have 
been selected according to it – primary, secondary and 
jumping (Fig. 11) (Strom 2006, 2010, 2021; Strom and 
Abdrakhmatov 2018). 
 
 

 
Figure 10 Small elongated rock avalanche about 1.5 km long at the 
upper part of the glacier in the Urukh River Basin (Northern 
Caucasus, Russia). Fragment of an aerial photo made in 1959. 

 
 

 
Figure 11 Rock avalanche types. 1: Primary rock avalanche. The 
entire rock mass is involved in the avalanche-like motion. 1a: in 
unconfined or laterally confined conditions, ignoring transverse 
debris spreading that can be significant for unconfined events; 
1b: in frontally confined conditions. 2: Jumping rock avalanche 
with compact proximal and gradually thinning avalanche-like 
parts. 3 and 4: Secondary rock avalanches. H: height drop 
(vertical distance between the headscarp crown and the deposits 
tip); h: that of the secondary rock avalanche; L: runout; 
l: secondary rock avalanche runout; V: entire volume; V1: volume 
of the compact part of the secondary rock avalanche; V2: that of 
its avalanche-like part. 3: Secondary rock avalanche of the 
“classical” subtype characterized by compact proximal 
accumulation with the prominent secondary scar above the 
avalanche-like part. 4: Secondary rock avalanche of the 
“bottleneck” subtype, which bipartition occurs when the rapidly 
moving rock mass meets sharp valley constriction (after Strom 
and Abdrakhmatov, 2018, with permission from Elsevier). 

Preliminary statistical analysis, which results are 
presented in (Strom and Abdrakhmatov 2018), proved that 
secondary rock avalanches associated with momentum 
transfer from rapidly decelerating part of debris to its part 
retaining the possibility of further motion, are more 
mobile than those of the primary type.  

Further statistical analysis could be performed 
separately for unconfined and laterally confined cases that 
can be attributed to primary and secondary types.  

 
Conclusions 

The regression analysis of various parameters 
characterizing rock avalanche mobility such as runout, 
angle of reach, affected area, etc., allows a better 
understanding of the processes governing their motion 
and derives relationships that can be used to estimate the 
shape and dimensions of the harmed area.  

The most relevant statistical discrimination requires 
analysis of samples selected according to several criteria 
that reflect factors affecting debris motion. To ensure the 
statistical representativeness of such samples, a 
compilation of a much larger database, than it has been 
used up to now, is necessary. It should be compiled 
according to the strict, well-defined principles that will 
guarantee the similarity of all measured parameters 
throughout the entire database. 
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Abstract The Synthetic Aperture Radar Interferometry 
(InSAR) is a technique capable to detect ground 
deformation, by comparing the phase difference between 
two radar images over the same area. The GNSS (Global 
Navigation Satellite System) approach permits to retrieve 
precise worldwide information about the positioning, 
timing and navigation of elements. Considering the 
strength and drawbacks of both techniques, they were 
combined several times for investigating, analysing and 
monitoring natural hazards. Landslides are one of the 
main damaging and diffuse natural hazards in Europe and 
the scientific community took advantage of the 
combination of InSAR and GNSS approaches for their 
investigations. A literature analysis conducted using 
Google Scholar, a freely accessible web search engine, 
allowed gathering 40 scientific contributions published 
since 2006 over 15 European countries, i.e. peer-reviewed 
articles, book chapters, proceedings of international 
congresses, that considered both InSAR and GNSS data for 
landslide investigation. The research was conducted using 
keywords recalling the use of the two combined 
techniques over European countries. The collected 
scientific contributions were critically analysed to identify 
the scope, the used radar satellite constellations as well as 
the spatial and temporal distribution of publications. 
 
Keywords landslide, InSAR, GNSS, review, Europe 
 
 
Introduction 

The GNSS (Global Navigation Satellite System) family is 
composed of several constellations that provide global 
information about position, timing and navigation data of 
elements equipped with GNSS receivers that automatically 
commute this information in precise location and velocity 
of movement. Since the 1980’s (Gabriel et al. 1989), the 
InSAR (Interferometry Synthetic Aperture Radar) 
approach is used and became widely exploited for 
detecting, investigating and monitoring ground 
deformations (Del Soldato et al. 2021). The phase 
difference between two SAR satellite images acquired at 
two different times over the same area, DInSAR 
(Differential InSAR), allows estimating the cumulative 
displacement that occurred. The InSAR approach has 
evolved over time and several algorithms for elaborating 
more than two images have been developed, namely 

Multi-Temporal InSAR (MT-InSAR), allowing the analysis 
of ground deformation evolution (Crosetto et al. 2016).  

GNSS approach is (i) accurate to determine the 
position in time, and consequently, the velocity of 
movement, (ii) reliable thanks to the ability to work 
constantly, maintaining high precision and integrity, (iii) 
3-dimensional, able to calculate horizontal (East-West and 
North-South) and vertical (Up-Down) motion 
components. On the other hand, it is station-dependent 
(Zulkifli et al. 2018) and some inaccessible areas cannot be 
covered by GNSS receivers. Europe has more than 300 
distributed multi-GNSS reference stations (Bruyninx et al. 
2019). Differently, the InSAR approaches do not require 
any receiver at the ground but only reflecting elements, 
e.g., urban areas, outcrops, artificial elements, for 
returning a spread and dense network of measurement 
points (MP) collecting accurate and high precise values of 
the velocity of movement and cumulative displacement 
over time. In addition, it allows a short-time repetitiveness 
of measure, the possibility to reach inaccessible areas with 
a high benefits/cost ratio. Nevertheless, the InSAR 
measurements are relative, thus referred to a Reference 
Point accurately chosen, and the MP can be affected by (i) 
geometrical effects due to the combination between LoS 
the topography, (ii) atmospheric and aliasing artefacts and 
(iii) errors due to land covers. 

The combined use of GNSS and InSAR datasets were 
made for several purposes, from the InSAR processing, 
e.g., atmospheric corrections (e.g., Catalão et al. 2011; 
Heublein et al. 2015; Mateus et al. 2012), to a longer 
investigation of ground deformations, e.g. subsidence or 
uplift phenomena (e.g., Béjar-Pizarro et al. 2016; Catalão et 
al. 2009; Del Soldato et al. 2018; Heimlich et al. 2015), 
landslide investigation (e.g., Bardi et al. 2016), glacial 
analysis (e.g., Gudmundsson et al. 2002), volcanic (e.g., 
Currenti et al. 2011; Fernández et al. 2004) and seismic 
activity investigation (e.g., Ganas et al. 2019; Stramondo et 
al. 1999) or infrastructure analysis (e.g., Bignami and 
Stramondo 2015; Gheorghe et al. 2020), and more general 
and theoretical applications (e.g., Ge 2003; Simonetto et al. 
2014). 

Landslides are one of the main damaging and diffuse 
natural hazards in Europe and several times the scientific 
community took advantage of the combination of InSAR 
and GNSS approaches for their investigations. The 
proposed literature analysis focus on the scientific 
contribution for the landslide investigation that combined 
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the use of the two datasets, indifferently on the whole 
European continent, including the European Turkey, 
Thrace, but excluding Russia. 

In this review, the DInSAR and MTInSAR approaches 
were considered separately, while GNSS, GPS, cGPS 
(continuous GPS) and DGPS (Differential GPS) were taken 
into account as unique approach, namely GNSS, in order 
to have an overview of the landslide analysis combining 
these two remote techniques. 

The state-of-the-art of InSAR and GNSS data 
integration for landslide investigation can be a relevant 
starting point considering that the EPN (European 
REFerences - EUREF - Permanent GNSS Network) freely 
provides GNSS data of more than 300 continuously 
operating stations referenced to the ETRS89 (European 
Terrestrial Reference System) benchmarks over the 
European territory and that in the mid of 2022 MT-InSAR 
data, yearly updated, will be freely available over Europe 
thanks to the European Ground Motion Service (EGMS). 

 
Data collection 

The collection of the scientific contributions combining 
InSAR and GNSS data for the landslide investigation was 
conducted exploiting the freely accessible web search 
engine Google Scholar. It is considered “essentially a 
superset of WoS and Scopus, with substantial extra 
coverage” (Martín-Martín et al. 2018). In fact, 
approximately 95% and 92% of the citations are 
comparable to those contained in Web of Science (WoS) 
and Scopus databases. On the other hand, the research of 
the contributions cannot be automatized as in other web 
search engines. The gathering of the documents was 
conducted combining two lists of keywords with each 
European country: (i) one list based on the InSAR 
approaches, e.g., “InSAR”, and related words as “DInSAR”, 
“MT-InSAR”, “A-DInSAR” (Advanced DInSAR), and “PSI” 
(Persistent Scatterers Interferometry) and related words; 
(ii) one focused on the GNSS family and techniques, e.g., 
“GNSS”, “GPS” and related terms as “cGPS” (continuous 
GPS) and “DGPS” (Differential GPS). 

All the collected scientific contributions were 
critically analysed for realizing a database by considering: 

- Title of the scientific contribution 
- List of authors 
- Type of submission 
- Year of publication 
- Country and location of the area of interest 
- Investigated period 
- Type of SAR processing (InSAR or MT-InSAR) 
- Satellite sensor band (C- X- L-band) and name 
- Use of other techniques (e.g., inclinometers) 
 

Spatial distribution and temporal evolution 

Forty scientific contributions on the combined use of 
GNSS and InSAR data for landslide investigation, 
considering peer-reviewed international scientific articles, 
book chapters, and conference abstracts, were collected by 

Google Scholar. Taking into consideration the little less 
than 200 scientific contributions combining the use of 
GNSS and InSAR data over Europe for several aims 
collected by Del Soldato et al. (2021), the landslide 
investigation is approximately 20% of the total works. The 
spatial distribution and the temporal evolution of these 
publications were examined. 
 
Spatial distribution 
The 40 collected scientific contributions investigate 
landslides localized in 15 countries (Tab. 1). The countries 
with the most contributions are Italy and Norway with a 
total number of 8 – 7 peer-reviewed international scientific 
journals (e.g., Carlà et al. 2019; Cenni et al. 2021; Crippa et 
al. 2020; Pappalardo et al. 2021) and 1 proceeding 
(Radicioni et al. 2012), and 5 journal articles (e.g., Bardi, et 
al. 2016; Eckerstorfer et al. 2018; Rouyet et al. 2017), 2 peer-
reviewed book chapters (Böhme et al. 2016; Dehls et al. 
2012) and 1 proceeding of a congress (Dehls et al. 2008), 
respectively. All the contributions referred to Italy are 
focused on local areas and single landslides, e.g., Assisi 
landslide (Bovenga et al. 2013; Radicioni et al. 2012) or 
Corvara landslide (Darvishi et al. 2020), except one that 
analyses at regional scale the Northern Apennines (Bayer 
et al. 2017), while the Norwegian contributions are divided 
between landslide investigations at regional (e.g., Lauknes 
et al. 2010) and local scale (e.g., Booth et al. 2015). 

 
Table 1 Spatial distribution of scientific contributions combining 
GNSS and InSAR data for landslide analysis. 

Country Num. 
articles 

Years of publications 

Bulgary 1 2018 
Cyprus 1 2021 
France 1 2013 
Greece 1 2014 
Hungary 1 2020 

Italy 8 2012-2013-2017-2019-2020-
2021 

Liechtenstein 1 2006 
Malta 2 2015 

Norway 8 2008-2010-2012-2015-2016-
2017-2018 

Portugal 1 2015 
Slovakia 1 2018 
Slovenia 3 2012-2013-2015 
Spain 5 2011-2013-2014-2021 
Switzerland 5 2007-2010-2013-2015-2016 
Turkey (Thrace) 1 2021 

 
Spain and Switzerland follow Italy and Norway with 

5 contributions, all scientific articles on international peer-
reviewed journals (e.g., Gili et al. 2021; Herrera et al. 2011), 
and 3 publications in international journals (e.g., Strozzi et 
al. 2013) and 2 peer-reviewed book chapters (e.g., Kenner 
et al. 2016), respectively. The landslide analyses over Spain 
with GNSS and InSAR datasets was focused on the Tena 
Valley at a regional scale (García-Davalillo et al. 2014; 
Herrera et al. 2013) or the Vallecembre (e.g., Crosetto et al. 
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2013) and Portalet (Herrera, et al. 2011) at a local scale. 
Scientific contributions about Swiss territory investigated 
regional areas (e.g., Barboux et al. 2015) or single rock 
glacier phenomena (e.g., Delaloye et al. 2008) and mass 
movements (Strozzi et al. 2010). 

Three publications, 2 articles (e.g., Komac et al. 2015; 
Mahapatra et al. 2013) and 1 book chapter (Mahapatra et 
al. 2012) in peer-reviewed international journals focus on 
the Potoška Planina, Slovenia. The last country with more 
than one publication is Malta with two regional scale peer-
reviewed articles published in international scientific 
journals (Mantovani et al. 2016; Piacentini et al. 2015). 

Only one scientific contribution was gathered for 
Bulgary, Trifon Zarezan landslide (Atanasova and Nikolov 
2018), Cyprus, Choirokotia case study (Themistocleous et 
al. 2021), France, La Valette landslide (Raucoules et al. 
2013), Greece (Elias et al. 2014), Hungary (Bozsó et al. 
2020), Liechtenstein, the first landslide investigation 
combining GNSS and InSAR data (Colesanti and 
Wasowski 2006), Portugal, Grande da Pipa River basin, 
(Oliveira et al. 2015), Slovakia, Tatra Mountains (Czikhardt 
et al. 2018) and Turkey, landslides in Beylikdüzü-Esenyurt 
Districts of Istanbul (Bayik et al. 2021). 

 
Temporal distribution 
The first scientific contribution combining the GNSS and 
InSAR data was published in 1999 (Stramondo et al. 1999) 
focused on the September 26, 1997 Colfiorito (Italy) 
earthquakes, but the first one outlining this approach for 
landslide investigation dates back 2006 (Colesanti and 
Wasowski 2006). The scientific production shows an 
increment in 2012, with 2 conference proceedings and 1 
book chapter, and in 2013 with the higher number of 6 
peer-reviewed articles in international scientific journals 
(Fig. 1). 
 

  
Figure 1 Temporal evolution of the scientific contribution of 
GNSS-InSAR landslide analysis. 

More than 3 contributions can be highlighted in: (i) 2015 
and 2021, with 5 articles in international scientific journals, 
and (ii) in 2016, the year in which 4 scientific contributions 
were collected. 

It is worth noting that the research of scientific 
contributions was made in autumn 2021, and articles, book 
chapters or extended abstracts and proceedings published 
in the late 2021 cannot be collected. For this reason, the 
number of publications in 2021 could be higher than 5. In 
addition, there is only one year without scientific 
contributions, the 2009, so that allows confirming the 
continuous use of combined GNSS and InSAR data as a 
valuable approach by the scientific community for the 
landslide investigation. 

 
Discussions 

For each work, the GNSS and InSAR datasets used for the 
landslide investigation are visually synthesized in Fig. 2. 
The oldest scientific contributions used ERS1/2 dataset 
since it was the only available in that period, and the GNSS 
data cover a previous period from ‘80 to ‘90 (Colesanti and 
Wasowski 2006). Then, starting from 2010 (Strozzi et al. 
2010), the Envisat data were used alone or combined with 
other datasets. In the following years, the ERS1/2 datasets 
were not used in this type of approach for landslide 
analysis, but some works (Booth et al. 2015; Mantovani et 
al. 2016; Piacentini et al. 2015; Strozzi et al. 2013) used more 
than one dataset, including ERS1/2, for investigating 
longer periods. The 58% of the scientific contributions 
used only one dataset, the 28% two datasets, only the 5% 
investigated landslides with 3 datasets and only one, 1%, 
(Strozzi et al. 2010) 5 datasets in C-band (~5.6 cm), X-band 
(~3.1), and L-band (~23.5 cm). In these counts, two 
abstracts that do not report the investigated period of the 
GNSS and InSAR data were considered since information 
about the band used were present. The use of more 
datasets helps the investigation on a longer period, and if 
the datasets used were acquired by satellites mounting 
sensors with different wavelengths, the landslide 
investigation could be improved indifferently in urban 
areas, peri-urban or cultivated and vegetated zones. 
Considering that, 17 scientific contributions combined 
more than one dataset in landslide investigation, 11 of 
these use at least two different wavelengths and only 2 
datasets acquired by sensors in three different bands. 

It is relevant to note as since 2018 the landslide 
analysis combining GNSS and InSAR data used only 
Sentinel-1 dataset in C-band, alone or combined with 
constellations with other wavelengths. It allows 
demonstrating the crucial role covered by the Sentinel-1 
constellation in this field, as the interest of the scientific 
community in the back analysis is limited, or forced for the 
costs of older datasets. Another information that can be 
extrapolated by the graph of the temporal comparison of 
GNSS and InSAR datasets used for each contribution, is 
that from 2014, with few exceptions recently published, 
both datasets covered approximately the same time-span. 
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Figure 2 Temporal distribution between GNSS and InSAR datasets of each scientific contribution. It is worth highlighting that for some 
contributions the GNSS dataset is reported the words “since”, in this case, it was considered the time span from the specified year until 
the date of submission (Booth et al. 2015; Crosetto et al. 2013; Dehls et al. 2012; Mantovani et al. 2016; Piacentini et al. 2015; Rouyet et al. 
2017); in two cases, instead, there was not written the exact period of the GNSS dataset and it was assumed to be the same of the InSAR 
(Eckerstorfer et al. 2018; Oliveira et al. 2015); and for two abstracts it was not possible to extract the information on the period covered 
by the GNSS and InSAR used datasets (Elias et al. 2014; Kenner et al. 2016). 

 

The remaining 78% of the publications show the 
combination with other topographic, atmospheric and 
satellite datasets. More in detail, 15 scientific contributions 
(22% of the total) combined or compared the GNSS and 
InSAR data with direct measurements as inclinometers 
(e.g., Colesanti and Wasowski 2006; Gili et al. 2021), 
piezometers (e.g., Crosetto et al. 2013), extensometers 
(e.g., Rouyet et al. 2017), seismic analysis (Bayer et al. 2017), 
Terrestrial Laser Scanning (e.g., Booth, et al. 2015, Dehls, 
et al. 2012) or levelling (e.g., Mahapatra et al. 2013; 
Radicioni et al. 2012); 11 publications (16% of the total) use 
also a dataset of aerial optical images (e.g., Cenni et al. 

2021; Eckerstorfer et al. 2018; Themistocleous et al. 2021). 
Eight scientific contributions show the use of the GBInSAR 
(Ground Based InSAR) data (e.g., Carlà et al. 2019) as other 
8 field surveys for validating the remote sensed data (e.g., 
Lauknes et al. 2010; Oliveira et al. 2015). Some authors used 
more particular datasets for comparing or validating the 
results obtained by the landslide investigations performed 
combining GNSS and InSAR data, to which MODIS 
(Moderate Resolution Imaging Spectroradiometer) data 
(Darvishi et al. 2020), atmospheric and rainfall data (e.g., 
Herrera et al. 2011), and infrared images (Pappalardo et al. 
2021).

 

 
Figure 3 Landslide investigation techniques with GNSS and InSAR.
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Abstract Spaceborne Earth Observation represents 
nowadays consolidated tools for monitoring a wide range 
of natural and anthropogenic displacement events 
occurring on the Earth’s surface. The use of SAR (Synthetic 
Aperture Radar) sensors, since the early ’90s, and the 
development of Interferometric and Multi-Temporal 
Interferometric techniques (InSAR and MTInSAR) have 
enabled the constant and continuous worldwide 
observation for 30 years. In particular, Veneto region (NE 
Italy) implemented a continuous monitoring service based 
on the exploitation of MTInSAR Sentinel-1 data in 2020: 
the service benefits from regularly updated deformation 
maps (every 12 days) to detect trend variation in the time 
series of displacement, defined as anomalies of 
deformation. Anomalies collected between July 2019 and 
April 2021 on the Veneto territory were considered for the 
analysis conducted in this work, counting about 20,000 
points. Each anomaly has been classified according to the 
cause of the velocity variation (mainly SI, Slope Instability, 
S, Subsidence and MA, Mining Activities, plus ND and N, 
Not Determined and Noise, respectively, i.e., anomalies 
without any real cause assigned). SI anomalies were 
intersected with several types of factors, such as the 
existing landslide inventory, slope gradient, slope aspect, 
and elevation to evaluate their impact over the Veneto 
territory. In the period of analysis, one main anomaly case 
was reported to Veneto regional authorities, related to the 
Lamosano landslide located in an urban setting in the 
Belluno province. Specific field surveys and further 
investigations followed up this warning report and 
regional authorities undertook the proper actions to 
mitigate the risk. Therefore, the continuous satellite radar 
interferometric information on terrain deformation rates 
along with ancillary data and the interpreter expertise is 
fundamental to correctly analyse the automatically 
highlighted anomalies. 
 
Keywords monitoring, Sentinel-1, landslides, Veneto, 
InSAR. 
 
 
Introduction 

Over the last decades, landslides annually cause severe 
losses, both in human and socio-economic terms 
(Schuster, 1996). Italy is a well-known landslide prone 

country due to a peculiar geological configuration and, at 
times, improper land management. It is one of the 
countries of Europe affected the most, with more than 
60% of the European landslides (Herrera et al. 2018). 
Nonetheless, Italy is a forefront country for the monitoring 
of the territory. Ground deformation monitoring consists 
of magnitude, rate, location, and displacement vector 
measurement. Monitoring has a fundamental role in the 
correct organization of strategies for first aid and risk 
mitigation. Among the different techniques and 
instruments for monitoring ground deformations, the 
satellite Advanced Differential Interferometry Synthetic 
Aperture Radar (ADInSAR) has demonstrated, in the last 
30 years, to be a valuable tool for assessing displacements 
occurring on the Earth surface. Moreover, the launch of 
the Sentinel-1 (S-1) constellation by the European Space 
Agency (ESA) represented a breakthrough for terrain 
monitoring, providing an unprecedented operational 
capability for intensive radar mapping of the Earth surface 
(Lanari et al. 2020), also thanks to the reduced revisit time 
(6 days when in dual configuration), the open policy for 
data collection and the global coverage. Benefitting from 
the abovementioned S-1 imaging capabilities, a systematic 
and continuously updated monitoring system on a 
regional scale was implemented in Italy, overcoming 
previous projects based on static mapping or monitoring 
at a different scale, e.g., Bonì et al. (2020), Aslan et al. 
(2020) at regional scale and Di Martire et al. (2017) at 
national scale for Italy, or Novellino et al. (2017) for Great 
Britain. Raspini et al. (2018) presented a routine based on 
regularly updated ground deformation maps (every 12 
days) and detection of deformation anomalies, i.e., 
changes in the deformation trend as detected by a data-
mining algorithm. Areas with persistent and significant 
anomalies are reported and notified to regional authorities 
to define further analysis and risk mitigation strategies 
(Del Soldato et al. 2019). Such an approach has been firstly 
implemented in the Tuscany region (Central Italy), hence 
in Valle d’Aosta (VdA) and Veneto regions (NW and NE 
Italy, respectively), as also described in Confuorto et al. 
(2021). Here, the anomalies collected over Veneto region 
between July 2019 and April 2021 were statistically 
analyzed, linking them with geomorphological and 
environmental triggering factors. A specific focus was 
carried out on the Slope Instability (SI) anomalies, since 
landslides are recurrent and dangerous phenomena, and 
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an example of successful application in Lamosano (Belluno 
province) is shown. Therefore, a balance of almost two 
years of analysis is shown, also evaluating the distribution 
and the impact of the anomalies in the operational chain 
in the Veneto region. 
 
Data and methods 

Veneto regional setting 
Veneto is one of the largest Italian regions, extending for a 
total of about 18,000 km2 along the NE flank of the Italian 
peninsula. It counts seven provinces, among which 
Venezia is the regional capital. The landscape of Veneto is 
very variegated, with a coastal sector and a very flat 
Southern part of the region (included in the Po plain and 
delta). Gentle slopes can be recognized in the western 
sector of Veneto, where Colli Euganei and Colli Berici are 
located (Padova and Vicenza provinces); finally, the 
northernmost part of the region is characterized by very 
high and steep morphologies, typical of Alpine 
environments, dominated by the presence of the 
Dolomites. From a geological perspective, Veneto territory 
is made up of three macro-sectors: the Alpine area at N, 
with mainly calcareous-dolomitic rocks and at times flysch 
deposits (Mesozoic and Eocene, respectively); a piedmont 
area, constituted by alluvial and morenic deposits of the 
Pleistocene; a great plain, with alluvial sediments 
belonging to the Po activity in the Holocene.  

Veneto territory is strongly affected by either 
landsliding (as testified by the almost 10,000 landslides 
reported in the IFFI, Inventario dei Fenomeni Franosi, 
landslide inventory in Italy, Trigila et al. 2010, in which 
landslides were collected between 2005 and 2007) mainly 
located in the northern hilly and mountainous portion of 
the Region and subsidence, mainly occurring in the coastal 
area of Venice and in the Po plain (Tosi et al. 2007, 2013). 

 
InSAR data and time series analysis 
Veneto region is covered by two Sentinel-1 tracks for each 
geometry of acquisition. The image stacks are processed 
by means of SqueeSAR algorithm (Ferretti et al. 2011), an 
approach capable of getting information of the ground 
displacement from both the PSs (Permanent Scatterers) 
and the DSs (Distributed Scatterers), getting in total a 
higher amount of data. PSs can be generated over coherent 
electromagnetically stable points over time, 
corresponding to man-made artefacts or rocky outcrops, 
while the DS’s information is extracted by identifying and 
averaging, within a search window, the contribution from 
statistically homogeneous pixels. The main assumption of 
the SqueeSAR technique is to identify sets of pixels sharing 
the same radar back signal, i.e., statistically homogeneous 
pixels, through a Kolmogorov-Smirnov (KS) test, using the 
amplitude index of a co-registered (overlapped) and 
calibrated stack of SAR images. Specifically, DSs are 
identified according to five different steps: (i) selection 
and analysis of each pixel of the image; (ii) creation of a 
window around the pixel; (iii) comparison of adjacent 

pixels with the KS test; (iv) further processing and analysis 
of statistically homogeneous pixels, while pixels with 
different distribution functions are discarded; (v) the DSs 
identified within statistically homogeneous areas are 
processed using the traditional PSInSAR algorithm 
(Ferretti et al. 2001) for the estimation of the deformation 
maps and the construction of displacement time series of 
each measurement point (MP). Once obtained a 
displacement map, time series are analysed. Anomalies are 
identified, through a time series screening activity, every 
12 days, once two consecutive processed S1 images are 
added to the existing archive through a parallelized and 
automatized chain. Therefore, anomalous trends are 
automatically identified when the point targets show a  
(difference of velocity) value higher than a given threshold 
in a (time interval). n 150-days and the 

carried out on Tuscany region. Such values allow limiting 
false positives and negatives as much as possible, as tested 
by an iterative procedure considering different values. The 
final stage is related to interpreting the anomalous points 
through the support of ancillary information given by 
DEMs (Digital Elevation Models) and derived products, 
and by official inventories. Further information on the 
methodology for the detection of the anomalies can be 
found in Raspini et al. (2018) and Confuorto et al. (2021). 

 
Results 

In the timespan, July 2019 – April 2021, a total of 19,889 
anomalies were collected and analyzed. The anomalies 
were generated through a data-mining algorithm over 
about 6 million point targets derived from the Sentinel-1 
ascending and descending processing (Fig. 1a). In order to 
differentiate the anomalies according to the main 
triggering factor, 6 six classes were distinguished: Slope 
Instability (SI), Subsidence (S), Mining Activity (MA), 
Uplift (U), plus Not Determined (ND) and R (noise), i.e., 
anomalies whose trigger cannot be determined or 
produced for some error or noise in the processing. The 
total number of anomalies classified as real movement on 
the ground (excluding ND and R anomalies) is 6,085. The 
distribution of each type of anomaly within the Veneto 
territory is led by the local geomorphological setting (Fig. 
1). The Belluno province, the northernmost of the region, 
is characterized by mostly SI anomalies, counting 2,439 
anomalies (95% of the total of the province). On the other 

Venezia, Padova and Treviso show exclusively or mainly 
subsidence anomalies. Indeed, Rovigo and Venezia area 
characterized by 99 and 100% of S anomalies, counting 
respectively 335 and 275 anomalies, while Padova and 
Treviso show the little percentage of SI and MA anomalies 
(less than 20% in both cases). Finally, Vicenza and Verona 
territories are more heterogeneous, with the prevalence of 
SI in the first case (65% of 1,258 anomalies) and of S in the 
second case (66% of 509 anomalies). The graph in Fig. 2 
resumes the abovementioned numbers. 
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Figure 1 On the left, map of the PSs derived from the Sentinel-1 descending imagery between October 2014 and April 2021. On the right, 
map of the anomalies collected in Veneto between July 2019 and April 2021. 

 
Slope instability anomalies 
A special focus was dedicated to SI anomalies since they 
represent an important instability factor in the area (Fig. 3 
and 4). In detail, SI anomalies distribution has been 
analysed by coupling it with the existing landslide 
inventories, derived from the IFFI project, with the 
elevation, slope gradient and the slope aspect, derived 
from the regional DEM.  

From the total of 3,446 SI anomalies, only 4.3% are 
located within inventoried landslides, counting thus 148 
anomalies. Of these, the majority of anomalies is within 

complex (36 and 39%, respectively), while minor 
percentages correspond to slow and rapid flows and falls 
and landslides whose type cannot be determined (nd). 

As concern the elevation, most of the SI anomalies 
are distributed among the 1,000 and 2,000 m a.s.l., with 
almost 80% of the total number (Fig. 3). In detail, the class 
with the highest percentage is that between 1,750 and 
2,000 m a.s.l., with 22% ca. Furthermore, SI anomalies 
have been intersected with slope gradient and slope aspect 
(Fig. 4). 

The distribution of the SI anomalies is homogeneous 
in all the classes of slope gradient, except for the class <10°, 

with less than 10% of the total, followed by the class >50°, 
with 13% of the total.  

As regards the slope aspect, landslide-related 
anomalies are fairly distributed between east- and west-
facing slopes, with about 40 and 37% of the total. 

 

 
Figure 2 Distribution of anomalies for each Veneto province and 
according to the triggering factor. BL=Belluno; PD=Padova; 
RO=Rovigo; TV=Treviso; VE=Venezia; VR=Verona; VI=Vicenza. 
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Figure 3 Anomalies distribution according to each elevation 
class. 

 
Figure 4 Pie and donut charts for SI anomalies. From the outside 
to the inside: Anomalies vs. Type of landslide; Anomalies vs. 
Slope gradient; Anomalies vs. Aspect. 

Anomalies warning 
Critical situations highlighted by the anomaly detector 
have been reported to regional authorities. Here is an 
example of a warning due to SI anomalies in the area of 

Lamosano (Belluno province, Fig. 5). Lamosano is a small 
hamlet located just beneath the well-known Tessina 
landslide (Mantovani et al. 2000; Tarchi et al. 2003; Cola et 
al. 2016), in the municipality of Chies d’Alpago (BL). 

In the inhabited area of the hamlet, three anomalies 
were retrieved during satellite acquisition and analysis in 
December 2019. The three point-targets were localized 
within the boundary of a well-known roto-translational 
slide and placed over some houses and the main building 
within the centre of the hamlet, as computed by the 
elaboration of the Sentinel-1 descending dataset of January 
2020.  

The time series of the three points showed a changing 
deformation trend starting from the mid of November, 
with a clear acceleration pattern, which was detected by 
the anomaly algorithm. The average velocity of the TSs 
before the breaking point was 
the average velocities between November 15, 2019, and 
January 2, 2020, were 
(with the point of 
overcoming the selected threshold.  

The ongoing situation of Lamosano was reported to 
regional authorities, which conducted further 
investigations on the field to have a clearer state of the art 
of the ongoing deformation and to undertake the 
necessary actions to mitigate the current risk. Indeed, 
despite the area being well kn0wn and periodically 
surveyed, the warning was useful for Veneto geologists, 
which cross-validated InSAR information with GPS 
(Global Positioning System) data and carried out several 
damage surveys to check the conservation status of the 
local buildings. 

 

 
Figure 5 On the left, map of the PSs with the anomalies detected in Lamosano (Belluno province). On the right, the three Time Series 
belonging to the three anomalies detected in the period May 2014-December 2019. 
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Discussion 

The Sentinel-1 mission can be pictured as a breakthrough 
in the InSAR community due to the short revisit time of 
six days and the capacity to cover the world territory, along 
with the technical innovations that made the data 
provisioning faster and more reliable. One of the main 
objectives of the InSAR technique is mapping unstable 
areas at different scales of analysis (Rosi et al. 2018; 
Antonielli et al. 2019) or the characterization and 
modelling of deformation phenomena (Confuorto et al. 
2017; Squarzoni et al. 2020).  

The analysis and the detection of the trend changes 
has been made possible by implementing a continuous 
and regular acquisition plan, as one of the Sentinel-1 
missions, as testified by the regional services in Italy. 
Indeed, the readiness of Sentinel-1 imagery and the 
possibility to cover large areas enabled the quasi-real time 
monitoring at the regional scale. Here, the results of 
almost two years of operational service over the Veneto 
region were shown. Since the generation of the anomalies 
of movement can be owed to several factors, such as 
geology, geomorphology or environment, a brief analysis 
of the anomalies collected between July 2019 and April 2021 
is shown, by intersecting the anomalous points with 
geographical and geomorphological factors. In Veneto, a 
balance between SI and S anomalies can be found, since its 
territory is extremely variegated, with wide plains as well 
as extensive mountain sectors. Indeed, Belluno province 
shows almost exclusively SI anomalies, being located in 
the eastern sector of the Alps, while Venezia, Rovigo and 
Treviso provinces are characterized by the massive 
presence of S anomalies due to the flat configuration of 
their territory and to recurrent subsidence phenomena 
due to either sediment compaction or groundwater 
extraction. However, the number of ND and R anomalies 
highlights that false positives can be always generated by 
the automatic algorithm. For this reason, the human-
supervised interpretation stage is fundamental to correctly 
address and categorize the signal detected. The 
intersection of SI anomalies with landslide inventories, 
instead, has highlighted that 5% of the anomalies are 
within redacted landslides, suggesting that very often 
landslide inventories are outdated or incomplete. Finally, 
SI anomalies have been analyzed through a correlation 
with slope gradient and slope aspect. As regards the first 
parameter, SI anomalies of Veneto are distributed in all 
slope classes, except for the <10° class, coherently with the 
configuration of the alpine setting, with steep slopes; as 
concern slope aspect, there is a general homogeneity 
between west- and east-faced slopes. The efficacy of the 
operational service is testified also by the alerts delivered 
to the regional authorities. In the analysis’s timespan, two 
landslides highlighted by anomalies were reported 
(including the Lamosano case). Consequently, field 
surveys and further investigations were carried out by 
regional authorities to define the best actions to reduce 
ongoing risks. As seen in Veneto, the anomalies 

distribution is a reflection of the local setting and presents 
an important picture of the ongoing deformational 
scenario. Nonetheless, further improvements can be made 
aiming at the reduction of false positives or the 
improvement of the detector algorithm.   
 
Conclusions 

An operational service based on the exploitation of 
Sentinel-1 data is active on the territory of Veneto region 
(NE Italy). Such service, based on the detection of 
variations in the time series of displacement, provides 
fundamental support to regional authorities, through the 
update every 12 days of the deformations ongoing as seen 
by the satellite. This work provides a summary of the 
results of almost two years of continuous monitoring over 
the Veneto region by analysing the anomalies obtained 
with geographical and geomorphological factors. The 
anomalies' distribution reflects the territory's 
physiography, showing large concentrations of Subsidence 
anomalies in the main plains and almost exclusively Slope 
Instability anomalies over the Alps. Specifically for the 
Slope Instability anomalies, they are more concentrated 
over steep slopes, and, at the same time, a very low 
percentage is located within inventoried landslides. This 
last aspect is relevant and highlights the need to update 
landslide mapping. The importance of the operational 
service is also testified by alerts delivered to regional 
authorities, as seen for the Lamosano (Belluno province) 
case. Indeed, after the warnings, further surveys and data 
collection activities were carried out to reduce the ongoing 
risks. 
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Abstract In this paper we have summarized some 
preliminary results of landslide monitoring using remote 
sensing – UAV photogrammetry and InSAR. The main area 
of interest is Slano blato mudflow (Western Slovenia) that 
is supposedly still active and threatens the buildings and 
citizens of Lokavec settlement. We used an unmanned 
aerial vehicle (UAV) to obtain surface images for the 
purpose of constructing 3D photogrammetric models and 
digital elevation models (DEM). Furthermore, we 
subtracted the models to calculate elevation difference 
between them. We also used Sentinel-1 images in time 
series analysis to extract surface displacement using the 
SBAS DInSAR processing method. The two methods are 
complementary and offer highly accurate results – the 
UAV photogrammetry reaches spatial resolution of 5 cm 
and InSAR’s accuracy is 1 mm year-1 in LOS direction. 
However, although the preliminary results show 
promising findings, more data is needed to draw 
conclusions and to evaluate the possibility of 
implementing this methodology into long-term 
monitoring of deep-seated complex landslides. 

 
Keywords remote sensing, SBAS DInSAR, UAV 
photogrammetry, landslide monitoring, time-series 
analysis 
 
 
Introduction 

A third of the Slovenian territory is highly susceptible to 
landslides (Komac and ). One of the most 
hazardous areas in Slovenia is certainly the Vipava valley, 
where many different slope mass movements have been 
observed. Due to the distinctive geology and 
geomorphology of the valley, the settings were appropriate 
for the occurrence of many debris slides and landslides, 
rock slides and mudflows (Popit ). Many of them are 
fossil mass movements, and many still threaten the safety 
of residents and infrastructure.  

One of the most hazardous events in the valley is 
Slano blato mudflow. It was reactivated  

, during the same rainfall event that caused 
two other major landslides in Slovenia –  (Log pod 
Mangartom) debris flow and Macesnik 

mudflow. Slano blato is a direct threat to the safety of the 
residents in the settlement of Lokavec. The recent activity 
of the landslide is unknown since there have been no 
monitoring activities in the past decade. The last 

 
Accordingly, monitoring its activity for the purpose of 
early warning and future remediation steps is of high 
importance. 

In this paper we present preliminary results of using 
remote sensing for landslide monitoring. In Slovenia, 
photogrammetry using an UAV for the purpose of 
landslide monitoring was firstly introduced by Peternel et 
al. (  for monitoring the landslides of Potoška planina. 
They found the technique suitable for acquiring horizontal 
movements and defining volumes of moving soil. InSAR, 
on the other hand, has not been implemented into any 
long-term monitoring activities of slope mass movements. 

 
Study area 

Slano blato mudflow is located in Vipava valley in western 
Slovenia (Fig. 1)
bed that flows through the settlement of Lokavec near the 

h up to 
-11 m in depth. The estimated volume 

of the landslide is more than 1 million m3 

, and its velocity in the years following the 

during rainfall events . The landslide’s been 

years, and since then it went through many phases of 
remediation (Logar et al   

The landslide occurred on weathered flysch slopes. 
Due to the Mesozoic carbonates lying above the flysch, the 
landslide is constantly soaked by the inflow of karst water 
(Placer et al.  The flysch is highly susceptible to 
weathering, and the landslide mass is mud dominated 
with poor geomechanical properties, such as low shear 
angle and high water suction (Fifer Bizjak and 

 The 
remediation of the landslide included construction of 11 
reinforced concrete wells – dowels, retaining walls and 
drainage system ( and   Logar et al. 
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Fifer Bizjak and 
 

 

 
Figure 1 Location of Slano blato and simplified geological map  1. 

-

 (modified after ). 

 
Methodology 

Due to the size and relatively steep slopes with little to no 
vegetation and instead of drilling new expensive 
inclinometers, we presumed remote sensing techniques 
would be suitable for precise monitoring of the landslide’s 
activity. We chose two complementary methods:  

(i) UAV photogrammetry - to be able to define 
eventual larger surface deformations which spatial 
resolution of 5 cm, and  

(ii) InSAR with extremely high sensing precision of 
surface deformations (1 mm year-1) and high temporal 
resolution of images (every 

–15 m (in the case of DInSAR).  
 
UAV photogrammetry 
We use DJI Phantom quadcopter. It offers the 
possibility to shoot with in advance programmed missions, 
making it a fast and easy method to use. The campaign was 
divided into two sections - upper and lower (with two 
separate base points) due to the steep slope and the 
possible loss of connection between the drone and 
controller. The campaigns were programmed to capture 
the surface images twice - vertically and obliquely. That 
way we obtained images from different angles for the 

purpose of constructing geometrically correct 
photogrammetric models and later on the digital elevation 
models – DEM . The image overlap was at least 

A whole campaign lasted less than 3 hours, including 
5-
very important that the weather is suitable for image 
capturing, i.e., without wind or rainfall. We carried out our 
flight missions on calm sunny and cloudy days. 

Each model was constructed from 
georeferenced using 3 fixed  were precisely 
measured with fast-static GNSS method. We used Sokkia 

GNSS equipment and reached 1 cm of accuracy. We 
have used the Agisoft Metashape software (Agisoft ) 
for generating the 3D photogrammetric terrain models. 

 

 
Figure  (A) Orthophoto mosaicof the landslide. The red hatched 
line presents approximate current landslide border and the white 

 (B) Hillshaded digital elevation model 
with 5 cm spatial resolution, constructed from aerial images. 

 
Interferometric SAR 
InSAR is a powerful technique used for many purposes. 
One of them is monitoring the topography changes, which 
is extremely useful for flat areas, e.g., for estimating 
subsidence or uplift (e.g., Oštir and ). 
Landslide monitoring using InSAR is widely spread, but its 
application must be done carefully, following strict 
criteria, such as spatial orientation of the landslide and 
direction of expected movements, rate of displacement 
and vegetation cover. It is important to comply with these 
criteria in order to obtain reliable results. The SAR 
satellites can only detect changes in their line of sight 
(LOS), which is roughly in E–W direction and inversely, 
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while the N–S direction is compromised due to the 
satellites’ sub-polar trajectory. More information on SAR 
principles is available in e.g. Oštir and  

 for more mathematical background. 
In this study we performed a time series analysis of 

-1 images of the descending orbit 
. The latter is more appropriate for Slano blato 

than ascending orbit due to its azimuth of LOS, which is 
- , while the landslide is NW–SE oriented. We 

tested two different processing methods: PSInSAR and 
SBAS (Small Baseline Subset) DInSAR. The images were 
processed in ENVI SARscape (Exelis Visual Information 
Solutions). 

 
Results and discussion 

For this study we created two 
one was made from images captured , 
before vegetation bloomed, and second one from images 
captured 
the difference in elevation (ED). The ED was calculated by 

QGIS Raster calculator using the following simple 
equation (1):  

 
ED = DEMNEWER – DEMOLDER (1) 

 
The results are shown in Fig. 3A along with the results 
from the InSAR processing. Note that the vegetation cover 
was not removed from the models. 

We performed InSAR processing only for the year 
correlating the results with the 

UAV photogrammetry.  
The permanent scatterer method (PSInSAR) proved 

inappropriate for use due to the lower coherence and thus 
a lower number of scatterers. We have obtained  
scatterers. While this method offers accurate 1D results 
(regarding to the LOS) in certain points (scatterers), it is 
impossible to obtain results in areas without natural or 
artificial scatterers that occur in the whole set of images. 
On the other hand, SBAS DInSAR offers planar results as 
shown in Fig. 3B. Due to lack of vegetation, it was possible 
to obtain DInSAR time series results for large area. 

 
Figure 3 (A) Elevation difference (ED) between the two acquisitions by UAV photogrammetry, (B) velocity [mm year-1] of ground 

 were chosen to present the 
areas with the highest deformation in LOS, their time-  
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On first sight, the Fig. 3A shows a lot of blue and red 
areas (zero values are transparent), especially on the edges 
of the model. The vegetation changes a lot through the 
year, which was recognized as elevation difference. The 
vegetation areas have noticeable sharply defined edges. 
However, there are multiple orange and blue areas with 
more blurred edges (see Fig. ). These present changes in 
surface elevation.  

Fig. presents slope displacement. It clearly shows 
areas of erosion and deposition. This area was carefully 
inspected in the field, where we noticed newly occurred 
surface fractures and other signs of slope movements in 
the field, and these results were expected. Figures and 

also present changes in surface elevation, but as a 
consequence of civil (earth) works. In Fig. it is evident 
where they surfaced the maintenance road, in the area 
shown in Fig. there was maintenance work done on the 
ground drainage system. These results therefore present 
the areas of excavation and ground levelling. Here we 
emphasize the importance of field observations that are 
crucial for avoiding the possibility of interpretation bias.  

 

 
Figure  (A) Slope displacement( ) and (D) 
maintenance work on a road and ground drainage system (results 
ofexcavation and ground levelling) . 

Fig. 3B presents the results of SBAS DInSAR time 
series analysis. The velocity of ground displacement means 
a yearly average of displacement in LOS in mm year-1. At 
first, we clearly see many areas of displacement, especially  
in the lower part of the landslide. To better present the 

the centre points of the areas with the highest deformation 
in positive and negative direction in LOS. It is very 
interesting to notice the dark blue area ( , which 
correlates with the area of the maintenance work of the 
drainage system (Fig. ). If we present the surface 
displacement in point P  (Fig. 3B) on a time-displacement 
plot (Fig. 5), it is even possible to define at what time they 
began and finished the constructional work. The 
construction company confirmed this statement. 
 

 
Figure 5 3B) over time for year 

 based on SBAS DInSAR results. The start and finish arrows 
indicate the beginning and end of constructional work. 

 
The plot of point P1 on the other hand presents a 

mo
from the satellite in LOS, which can be either a result of 
surface erosion or slope movements.  
 

 
Figure  Displacement in point P1 (see Fig. 3B) over time for year 

 based on SBAS DInSAR results. 

 
Unfortunately, due to the low spatial resolution, it is 

relatively hard to define what does the dark red area in Fig. 
3B. represent. We adjusted the scale for ED classification 
to better match the scale of calculated DInSAR 
deformation and presented the results in Fig. . Here it is 
clearly seen that there are elevation differences on the 
banks surrounding the maintenance road (red to orange 
blurred areas). This could be one of the reasons InSAR 
detects such surface changes. 

start finish
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Figure  Elevation difference of maintenance road and its banks 
– detail. The blue and red areas on the right present vegetation. 

 
The UAV photogrammetry also shows promising 

results, but the accuracy of the models is bound to 
accurate processing. A small shift in the referenced models 
can cause errors and bias in the results, therefore 
thresholds need to be considered when analysing surface 
displacements. Thresholds can be defined after a longer 
period of monitoring and more collected data. 

 

 
Figure   

 
Conclusions 

In this paper, we presented the preliminary results of 
monitoring activities of Slano blato landslide using UAV 
photogrammetry and SBAS DInSAR. The results show 
promising findings about how to effectively monitor the 
landslide with both techniques used in the study. We 
found both techniques to be efficient and accurate enough 
to detect any topographic changes due to landslide 
activity, constructional work or even changes in vegetation 
cover in the case of UAV photogrammetry. Despite that 
fact, more work needs to be done to be able to draw solid 
conclusions regarding the accuracy of the methodology 
and the activity of the landslide itself. The monitoring will 
proceed further for a longer period of  therefore we 

will be able to improve it along with the interpretation of 
the results. 
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Abstract Long-term monitoring is a fundamental tool for 
the study of medium-to-large slow moving landslides that 
might be eligible for structural countermeasure works. 
Since in the design of geotechnical numerical models, 
uncertainties regarding the soil parameters are high, the 
possibility to rely on monitoring data to calibrate the 
model is a fundamental tool to check the robustness and 
overall value of the reference model. Sometimes, by 
analysing the signals between potential triggering factors 
and displacements on a long period, comprising also 
extreme meteo-climatic events, it can be possible to skip 
the numerical modelling step altogether by acting directly 
on the activating factors. In this case, a grey box model 
that needs to be validated on one additional dataset might 
be defined. In this work, we present a case study consisting 
of a complex shaped slope instability crossed by a stream 
called Rio Verde. The scarp of the slope cuts across a 
National Road that connects the Veneto and Friuli Venezia 
Giulia regions (Italy). The potential risk of road disruption 
with major impacts on the valley economic life is high. A 
dataset of continuous monitoring of several years is 
available for the landslide. It consists of Global Navigation 
Satellite System (GNSS) data, piezometer, in-place 
inclinometers , and a thin plate weir that continuously 
measure the Rio Verde's discharge. A grey box model 
linking the landslide displacements with the Rio Verde 
discharge has been proposed. Based on these results, new 
monitoring instruments have been installed, and a low-
cost mitigation strategy consisting in the removal of the 
water from the stream is being implemented. Since the 
typology of the countermeasure work is unconventional, 
the protraction of the continuous monitoring is 
fundamental to assess and quantify the efficacy of the 
measure, to validate the conceptual grey box model, and 
to decide to proceed with an additional intervention if 
needed be. 

 
Keywords mitigation, landslides, countermeasure works 
design, cost sustainability, 
 
 
Introduction 

The increased urgency of knowledge about how to deal 
with landslides and their triggering factors is linked to the 

constant growth of anthropic pressure,  
even in mountainous areas (Blaikie et al. 1994; Eisbacher 
1982). In the framework of landslide risk mitigation, the 
effective prediction of slope movements is one of the most 
important challenges to be solved. To do this, there are 
different types of approaches. Examples are 3D numerical 
models that solve the physical equations that govern the 
process under study. These methods are certainly very 
sophisticated and theoretically reliable. However, they 
require a deep knowledge of the geotechnical 
characteristic of the soils and their distribution, which is 
extremely rare and difficult to gain. In fact, when 
accounting for all the possible uncertainties, the quality of 
3D models can drop dramatically (Titti et al. 2021). That’s 
why numerical models, despite their solid physical basis, 
are not always the best option in predictive terms. In fact, 
potential uncertainties are numerous, considering the 
groundwater regime, the subsoil reconstruction and 
rock/soil geotechnical parameters, all complex properties 
that may vary both in time and space.  

Another solution are the grey box models. In this case 
the main objective is to identify a correlation between 
input and output with limited knowledge of the intrinsic 
process that produces the relation, e.g., the rheological 
properties of the landslide soil.  In this case, data are 
approached as phenomenological entities, and the model 
should be a specific function able to produce the expected 
output based on selected inputs.  

Grey box modelling requires a long time series of all 
the possible variables that can be hypothesized to have an 
effect on the landslide process (Angeli et al. 2000; 
Corominas et al. 2005). Once the correlation of the two 
signals has been established, a possible causal relationship 
between the two variables can be hypnotized (Du et al. 
2013). The reference data can be split to validate and 
calibrate a linear-regression or complex machine learning 
function (Krka  et al. 2017; Zhou et al. 2016). If the output 
is the landslide displacement, after a procedure of 
calibration, the model may be considered for prediction 
purposes (Huang et al. 2017). As a matter of fact, it is 
possible to quantify the expected landslide movement 
mitigation as a function of the reduction of the input 
parameter. 
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Case of study 

Passo della Morte (46.396 N, 12.715 E) is located on the left 
flank of the upper Tagliamento valley. This area is crossed 
by a very important National road called SS52 “Carnica” 
that cuts across the Eastern Alps. It extends mainly in 
Friuli-Venezia Giulia Region, connecting the provinces of 
Udine and Bolzano, with a brief passage into the province 
of Belluno. To bypass a tortuous tract of the road that was 
subject to rockfalls and snow avalanches, in 1994 a two-
kilometre long new road tunnel was built. Regrettably, the 
flank of the mountain in which the tunnel was 
constructed, and the tunnel entrance was later discovered 
to be affected by slow moving deep-seated landslides that 
nowadays are damaging the road infrastructure.  

The eastern portal of the tunnel and 300 m of the 
aerial national road are affected by a 2.1 x 106 m3 landslide 
that is damaging the small bridge crossing the Rio Verde 
torrent. The landslide is slow moving at about some cm 
per year but in the hypothetical event of a major activation 
of the landslide, the whole crossing traffic of the valley 
would be diverted since there would be no access also to 
the old road (Fig. 1). This scenario will have an important 
economic impact on the local municipalities. Despite 
Landslide 1 and Landslide 2 having different scarp, they 
can be considered as a unique slope instability with a 
rotational movement at the crown and translational 
behaviour at the toe (Sinigardi et al. 2015). 

In the study area, rainfall play an important role and 
very intense events are not so rare. The mean annual 
accumulated precipitation (ARPA-OSMER 2008) is 1721 
mm. In periods with more precipitation Landslide 1-2 
activity increases, indicating a possible link between water 
runoff, snow melt and landslide displacement. 

 
Figure 1 Study area of Passo della Morte. 

Hydrological Setting 
The most important hydrological element in the area is the 
Rio Verde torrent (Fig. 2) that divides Landslide 1 from 
Landslide 2 by passing through this slope movement. The 
drainage basin of this element extends from 735 m a.s.l., 
where the hydrometer is placed, and the 2122 m of the 
summit of Mt. Tinisa for a total area of approximately 

1.68 km2. Geologically, 1.52 km2 is tectonized dolomitic 
limestone of Monte Tiarfin Formation affected by karst 
phenomena and 0.161 km2 is dolomitic boulders and 
colluvial deposits (Fig. 2). The upper part of the Rio Verde 
torrent is mostly dry all over the year except during intense 
(higher than 150 mm/day) rainfall events. This is mainly 
due to the presence of a very permeable deposit located in 
the upper part of the basin. On the other hand, just above 
Landslide 1-2, the presence of springs must be highlighted. 
This element is very important because it guarantees, in 
the sector of the torrent that crosses the heart shaped 
landslide, a minimum flow rate of 40 l/s even in dry 
periods. The water supplies that keep this “dry baseflow” 
are connected to deep circulations with long residence 
time set in the dolomitic limestones. The springs are also 
sensitive to heavy rain events that rapidly increase the flow 
rate. This second component is due to the water 
infiltration in the high-permeability debris at the base of 
the Tinisa massif, in particular during sudden snowmelt 
(Cervi et al. 2017). 
 

 
Figure 2 Lithotypes and deposits in the surface hydrological basin 
of the Rio Verde. The green arrows represent the groundwater 
flow circulation. In the hydrogeological section below, the 
process leading to the presence of the springs is clearly illustrated 
(modified from Bossi et al. 2019). 
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The structural element that justifies the occurrence 
of this system of springs is the local presence of the Sauris 
fault. The latter creates a geological setting that keeps the 
water table shallow near the contact between the clay and 
silty shales and the colluvium, as shown in Fig. 2.  
 
Monitoring Network and Data 
Monitoring in this area began in 2002 with the deployment 
of several inclinometers and piezometers. The installation 
of more and more sensors over the years has generated a 
complex system consisting of inclinometers (periodic and 
in-place), Global Navigation Satellite System (GNSS) 
surveys, quasi-real time piezometers, a thin plate weir to 
measure continuously the discharge of the Rio Verde, a 
rain gauge and temperature sensors. More than 20 
boreholes were drilled and most of them were equipped 
with inclinometers. That allowed to gain lots of 
information about the location of the slip surface along the 
slope in order to be able to reconstruct the 3D slip surface 
of the phenomenon. At the moment, three series of in-
place inclinometers, continuously acquiring data since 
2010, are still active as shown in Fig. 2. Besides, in each 
borehole, a piezometer has been installed. It is important 
to note that according to the measurements, the water 
table on Landslide 1-2 has never reached the slip surface. 
GNSS survey consists of three benchmarks placed in the 
heart shaped landslide. It monitors the slope's surface 
movement through periodic surveys that show that the 
landslide moves at a rate of 1-2 cm/y in dry years and 
reaches 3-4 cm/y in years characterized by particularly 
long and intense rainfall events. 

The monitoring system was integrated in 2012 with a 
very important element. It consists of a sharp crested thin 
plate weir installed in the Rio Verde to measure the water 
discharge of the torrent (Fig. 3). The weir is deployed in a 
regular 6 x 5 m concrete culvert that acts as a bridge for 
the SS 52 over the stream. The rating curve for the 
measuring station was assessed through periodic 
measurements with different flow rates and then 
interpolated using simple hydraulic equations considering 
the free fall setting of the streamflow (Fig. 3). 

 
 

 
Figure 3 Thin plate weir, the hydrometer is installed behind the 
steel plate. Photo taken during one of the calibration campaigns. 

Modelling 
Using data from the continuous monitoring in-place 
inclinometers and discharge in the Rio Verde a sharp 
correlation between the velocity of the landslide and the 
Rio Verde discharge was found. Based on that, a grey box 
model able to reconstruct and effectively predict the 
landslide displacement rate on the sole input of the Rio 
Verde streamflow was produced (Bossi el al. 2019). The 
model was tested and validated (Fig. 4). 
 

 

Figure 4 Velocity recorded in inclinometer compared with Rio 
Verde discharge and daily rainfall – from Bossi et al. (2019). 

 
Definition of the mitigation strategy 
Considering the strong correlation between the velocity of 
displacement of Landslide 1-2 and the discharge in Rio 
Verde stream, it seems a natural consequence that the 
mitigation strategy should have concentrated on reducing 
the flow rate in the torrent. For this reason, the 
sequestration of part of the water flowing in the Rio Verde 
was proposed to the local authorities (Civil Protection of 
the Friuli Venezia Giulia Region).  

To measure the effectiveness of this countermeasure, 
some forecast simulations were performed. A maximum 
value of 100 l/s in the reduction of the discharge was 
considered. The results show a displacement decrease of 
more than 50% in the average rainy year and more than 
75% in years characterized by extreme meteo-climatic 
events.  

In view of these results, the personnel from 
Protezione Civile Friuli Venezia Giulia start the realization 
of the mitigation strategy. The catch box of the discharge 
is placed next to the existing check dam, under the Rio 
Verde road bridge at 735 m a.s.l (Fig. 5). At the present 
time is also under construction an HDPE (High Density 
Polyethylene) penstocks (Fig. 6). The latter will tunnel the 
intercepted water to the nearby Tagliamento River for an 
expected restitution altitude of 575 m a.s.l (Fig. 6). It is also 
under consideration the hypothesis to associate a micro-
hydroelectric station to exploit the energy accumulated in 
the penstock. 
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Figure 5 Design of the intercepting structure: A view from 
downstream, below the road bridge; B view from above. 

 
Figure 6 Synoptic scheme of the proposed mitigation solutions 
over shaded relief of the area. 

Concurrently to the structural mitigation works, a 
new in-place inclinometer has been deployed in order to 
follow the landslide movements during construction and, 
more importantly, after the water sequestration starts. 
That would permit to assess directly if the mitigation 
strategy is working as planned. 

Conclusions 

In this work, the importance of long-term monitoring 
system of a landslide, including the measure of river 
discharges in similar slope movement situations, was 
underlined. The analysis of this dataset can lead to the 
identification of possible correlations of the monitored 
parameters that can include also the potential triggering 
factors. In this study, a strong link between the velocity 
displacement of Landslide 1-2 and the discharge of the Rio 
Verde stream was found. Considering the hypothesis of 
causality, a grey-box model was developed, calibrated and 
validated with experimental inclinometers information. 
This model is a great tool to simulate expected velocities 
in the function of discharge. As consequence, a 
countermeasure was planned and proposed to local 
authorities. It consists of the subtraction of the water 
flowing in the Rio Verde by a catch box and to tunnel it 
away from the landslide affected area by using a penstock. 
This highlights that it is possible to produce a landslide 
structural mitigation strategy even without the rheological 
characterization of the process. That allows, to a certain 
degree, also avoiding all the uncertainties and 
simplifications linked with the definition of a numerical 
geotechnical model, especially if the prospective model is 
just bi-dimensional.  

After the construction of the water intercepting 
structure, the hypothesis of the causal relationship 
between velocities and discharge will be re-tested, and 
hopefully validated through the prosecution of the 
monitoring activity in Landslide 1-2. Moreover, the 
economic perspective of providing these types of self-
paying mitigation approaches in the framework of 
installing the hydroelectric power plant will be further 
investigated. 
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Abstract Active large-scale landslides alternate long-
lasting “ordinary” semi-steady-state slow moving periods 
to short-lasting “non-ordinary” acceleration phases that 
can lead to major damaging events. As their complexity 
and dimensions determine serious technical difficulties in 
implementing cost-effective structural mitigation 
measures, long-term monitoring is crucial for risk 
reduction, as it allows for a better understanding of the 
spatial and temporal behaviour of the phenomenon and, 
therefore, to focus on the most risk-significant elements of 
the landslide. Nowadays, a large selection of methods is 
available for the integrated cross-validated multi-scale 
monitoring of such phenomena so to achieve a sound 
knowledge of slope movements on a continuous and time-
lapsed basis. The EU Financed EFRE FESR project 
SoLoMon (Software for Longterm Monitoring; FESR4008) 
project aims to apply relevant remote, proximal and in-site 
monitoring techniques to representative case studies of 
large-scale landslides in South Tyrol. In the frame of 
SoLoMon project, the following monitoring techniques are 
applied in an integrated manner: (a) periodic (once per 
year) high-resolution (5 cm) airborne Lidar and 
Orthophotos surveys of the entire landslides analysed with 
DEM of Difference and Offset-tracking techniques 
(landslides 1, 2, 3); (b) Continuous Robotic Total Stations 
monitoring using reflectors (landslides 2, 3); Continuous 
in-place D-GPS (landslides 1, 2, 3). Monitoring data from 
these systems will be integrated into a single functional 
web-based platform that will handle and analyse data 
using machine learning algorithms 

 
Keywords Monitoring, web-based platform, DEM of 
Differences, Offset-tracking, non-structural 
countermeasures 
 
 
Introduction 

To mitigate large landslide related risk both structural and 
non-structural mitigation actions may be implemented. 
Non-structural mitigation measures are monitoring, 
policies, training and other types of actions that reduce the 
risk without physically interfering with the hazardous 
process. These approaches are usually chosen when the 

landslide is too large to deal with construction works that 
would be either ineffective or too costly. Ineffectiveness is 
frequently linked with a large number of uncertainties 
regarding the landslide kinematic that may be too high to 
proceed with cost-effective structural works.  

The upside of non-structural mitigation measures is a 
significantly minor impact on the environment and on the 
landscape than structural options, and, in general, a minor 
overall cost. The downside is the continued necessity of 
maintenance and updating of the system, the dependence 
on the compliance of the exposed population and the need 
for experts that can interpret data and retrofit the alert 
mechanism.  

Active large-scale landslides alternate long-lasting 
“ordinary” semi-steady-state slow moving periods of 
activity to short-lasting “non-ordinary” acceleration 
phases that can lead to major damaging events. In this 
case, long-term monitoring is crucial for risk reduction, as 
it allows for a better understanding of the spatial and 
temporal behaviour of the phenomenon and, therefore, to 
focus on the most risk-significant elements of the 
landslide. Nowadays, a large selection of methods is 
available for the integrated cross-validated multi-scale 
multi-source monitoring of such phenomena in order to 
achieve a sound knowledge of slope movements on a 
continuous and time-lapsed basis.  

The EFRE-FESR SoLoMon project aims to apply 
relevant remote, proximal and on-site monitoring 
techniques to representative case studies of large-scale 
landslides in the Autonomous Province of Bolzano (Italy), 
namely: (1) the Ganderberg Deep-seated Slope 
Deformation; (2) the Trafoi rockslide and (3) the Corvara 
earth slide-earth flow. 

 
Test sites  

The Ganderberg Deep-seated Slope Deformation 
The Ganderberg Deep-seated Slope Deformation (DGSD) 
is located in the upper Passirio valley (46°51'34.5"N 
11°10'18.3"E). The slope affected by the DGSD covers an area 
of about 4.7 km2, and is predominantly oriented toward 
SW. The mass movement develops for more than 1200 m, 
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from the crown at 2250-2450 m to the valley floor located 
at 1170-1300 m a.s.l (Fig. 1). 

The Ganderberg slope is located at the boundary 
between the Schneeberg complex and Laas series, both 
consisting of metamorphic rocks of the Austroalpine 
domain of the Eastern Alps. The Schneeberg complex is 
composed by amphibolites, garnet-mica-shists and 
paragneiss. The Laas series differs from the Schneeberg 
complex mainly for the greater content of carbonates that 
induce a less plastic behavior of the rock under loading 
and a coarser colluvium. The contact between the two 
complexes crosses the DGSD area along a fault trending 
NE-SW. 
 

 
Figure 1 The Ganderberg DGSD; in red the potential rock 
avalanche; in orange and yellow the secondary slides. 

The slope movements have been monitored since 
2007 through a network of 20 GNSS benchmarks. The 
slope instability moves at a velocity of several cm per year 
thus inducing secondary phenomena (Bossi 2015). One of 
these is a potential rock avalanche detaching from the 
northern scarp that can induce river damming (Bossi et al. 
2013). Other two secondary instabilities of some million 
cubic meters at the toe threaten the valley road and the 
small village of Hahnebaum. During the last decade a 
“non-ordinary” acceleration phase of one of these slides, 
completely damaged the National Road 44bis, blocking its 
transitability and de facto isolating the upstream village of 
Rabenstein. Moreover, the road disruption interrupts the 
passage through Passo Rombo/Timmelsjoch towards 
Austria, a particularly scenic route that was the object of 
an Interreg project aimed at the touristic exploitation of 
the route. 
 
The Trafoi Rockslide 
The Trafoi deep-seated rockslide is located in the upper 
Venosta valley (46°33'16.4"N 10°29'50.4"E). The rockslide 
area covers an area of about 6.0 km2, and can be 
subdivided into two main units (A & B) (Fig. 2). 

Geologically the landslide is characterized by a 
complex stratigraphic arrangement due to the presence of 
gypsum, anhydrite and cellular dolostone in the form of 
lenses of the permo-Mesozoic successions intercalated in 
the Dolomia Principale. These layers exhibit low 
mechanical load bearing capacity and high susceptibility 
to sliding.  

The Trafoi Unit A (from 2950 to 2600 m a.s.l) shows 
double crested ridges and trenches in the upper part, a 
rockslide in the central part (from 2600 to 2000 m a.s.l). 
Unit A is morphologically very similar to the Val Pola 
landslide (located 20 km to the west of Trafoi) before it 
evolved into a catastrophic rock avalanche in 1987.  

Since periodic D-GPS monitoring indicates that Unit 
A moves at a velocity from 2 to 7 cm/year, the 
phenomenon is certainly worth of attention (Corsini et al. 
2013), and potential runout scenarios in case of the 
collapse of the Trafoi rockslide have been calculated 
(Iannacone et al. 2013). The Trafoi Unit B consists of a fairly 
developed rockslide phenomenon that, locally, evolves as 
earth slides damaging the “Hotel Tannenheim” and the 
National Road 38 to “Passo dello Stelvio”. Periodic 
inclinometric monitoring of unit B indicates a max velocity 
in the order of 3 cm/year. 

 

 
Figure 2 The Trafoi rockslide area (Unit A and Unit B). 

 
The Corvara Earthslide-Earthflow 
The Corvara rotational earth slide-earth flow is located in 
the upper Badia valley (46°32'31.8"N 11°53'09.7"E). It 
consists of weak clayey rock masses of the Triassic. 
Present-day movements, ranging from cm to m/year, 
cause damages to National Road 244 and ski 
infrastructures. Movements are also of some concern for 
buildings at the toe of the landslide (Fig.3). 

The landslide has been extensively investigated over 
the past years, including studies on landslide 
characterization and field-based monitoring (Corsini et al. 
2005), dating (Soldati et al. 2004), and modelling (Schädler 
et al. 2015). Monitoring of the Corvara landslide using D-
GPS started in 2001 (Corsini et al. 2005) while monitoring 
with satellite-based PS-MTI started 2010 (Iasio et al. 2012; 
Mulas et al. 2015), which then evolved in integrated D-GPS  
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Figure 3 The Corvara earthslide-eartflow (modified after Corsini 
et al. 2005) 

and Corner Reflectors monitoring (Mair et al. 2016; 
Schlögel et al. 2017). The active part involves 
approximately 25 million m3 with major active shear 
surfaces ranging at depths between 10 and 48 m and 
movement rates ranging along the slope and over different 
years from cm to m/year. 
 
The SoLoMon project 

Monitoring 
Regarding in depth characterization of the investigated 
processes, monitoring is extremely useful when dealing 
with large and slow moving landslides as it may support 
the definition of a reference geological model and the 
identification of the most unstable sections along a slope, 
how they move and if there is some correlation with 
potential triggering factors.  

Small displacements in large landslides can only be 
identified instrumentally since their geomorphological 
traces cannot otherwise be univocally associated with a 
present-day activity. In this framework, monitoring must 
be carried out for long periods because certain phenomena 
can present long phases of quiescence to which phases of 
activity are interspersed and usually consequent to 
particular climatic events with long return periods. A 
reliable risk mitigation strategy cannot ignore the 
observation of the slope behaviour during these phases, 
and in the context of the subsequent definition of a 
numerical model to update the risk scenarios. 

On this basis, an effective monitoring system is 
inevitably influenced by the quality of the insightful 
planning of instrument installation. The instruments 
should be able to collect the physical and dynamic 
parameters in the most significant areas, extracting the 
most information from the measuring point. It is also 
fundamental that data should be gathered continuously, 
and along with the hypothesized triggering factors. 
Redundancy in monitoring and the availability of 
numerous measuring points are good starting points for a 
network. However, a training period of observation with 

data interpretation by experts is also fundamental to 
establish an operational Early Warning System that should 
be activated when non-ordinary states are reached by the 
landslide itself or by its environment.  

In Solomon project, the following new monitoring 
systems are being installed: (1) Ganderberg Deep-seated 
Slope Deformation: n3 continuous D-GPS monitoring 
devices (Leica GM30); (2) Trafoi rockslide: n 1 continuous 
D-GPS monitoring devices (Leica GM30) and n 1 robotic 
Total Station (Leica TM60); and (3) Corvara earth slide -
eart flow: n 1 robotic Total Station (Leica TM60). 

 
Multi Temporal DEM of Difference and Offset-tracking 
Recent improvements in topographical data acquisition 
techniques allow the production of high-resolution digital 
terrain models (DTMs). In particular, comparisons of 
LiDAR-derived DTMs obtained from successive surveys 
make it possible to produce DEM of differences (DoD) 
maps, which are a valuable tool to interpret the evolution 
of geomorphological processes and to quantitatively assess 
areas of accumulation, deposition or erosion along 
mountain slopes. However, DoD maps do not provide 
information regarding planar displacements but just 
highlight pointwise vertical variations of heights. 

To get an insight into the horizontal displacement 
rate of landslides, offset tracking techniques based on 
optical images are particularly useful to bridge the gap 
with DoD analysis and to help provide 3d superficial 
displacement estimates for landslides with remotely 
acquired data. 

Within the project, periodic (once per year) high-
resolution (5 cm) airborne Lidar and Orthophotos surveys 
of the entire landslides will be analysed with Offset 
Tracking digital image correlation algorithms to provide 
maps of activity for each test site and to compare them 
with ground truth data from the monitoring equipment.  
 
Web based platforms 

Most monitoring techniques have undergone a 
continuous advancement in hardware and software 
platforms, improving the quality and significance of data 
collection, real-time processing and user interfaces. This 
means that lots of data need to be properly handled and 
interpreted, even considering the integration between 
remote sensing data and in situ measurements. When 
implementing a new monitoring network, it is necessary 
to provide the stakeholder with the tools to manage data 
combined and derived from different instruments on the 
same site.  

Making data available on interactive web systems is 
not just a matter of access. Yes, data may be easily 
consulted and seen everywhere, but it may also be shared, 
compared and analysed with the tools implemented in the 
web platform. These algorithms will support the 
identification of events or thresholds that can trigger an 
alert. Collecting all data in a unique repository is also 
fundamental for the application of machine learning 
techniques. To do so, an important feature of up-to-date 
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web platforms is that they should integrate different types 
of sensors with different time bases, guaranteeing the 
system’s scalability and allowing redundancy. 

The web environment provides secure advantages: (1) 
data is collected from different data sources and matched 
on a single server-side framework avoiding complex data 
management; (2) a remote user-interface allows regular 
maintenance and direct access to the instruments for 
maintenance, calibration and synchronization; (3) a 
graphical interface in a browser provides an easy-to-use 
support system for decision-makers to interact with a 
system which is continuously updated. 

 
Machine learning 
Machine learning techniques can support the definition of 
warning /alarm systems based on monitoring data. The 
ability to rely on a simple and automatic procedure to 
identify dangerous situations is of great help to risk 
management. As part of the project, new methodologies 
will be tested, and some algorithms already applied by 
CNR-IRPI in other contexts will be developed in parallel. 
Among these is a hierarchical clustering algorithm (Day 
1984) to identify pattern changes in landslide 
displacements. The procedure makes it possible to group 
zones characterized by similar “movement patterns” based 
on data from automated total stations. The unsupervised 
definition of homogeneous areas from a kinematic 
perspective supports a landslide's impartial 
geomorphological characterization (not linked to an 
expert opinion). In addition, the method allows to trigger 
alerts if some monitored points change deformation 
patterns. In this way, identifying possible dangerous 
situations is carried out without imposing fixed and 
arbitrary thresholds and without calibration. The 
recognition of areas with new types of activities supports 

of the slope and therefore helps the definition of reliable 
risk scenarios (Titti et al. 2020). 

 
Final remarks 

The SoLoMon project pipeline has been organized in 
order to produce reliable risk scenarios and warnings via 
multi-source multi-temporal analysis and monitoring. All 
the instruments that have been, and will be, deployed are 
of top-notch technology and will gather data for many 
years to come, well beyond the project timeline. 

Given the different types and processes active in the 
three study areas, the integration of different techniques 
will be extremely valuable and will allow testing the 
effectiveness of each approach for different potential 
landslide hazards (i.e. rock avalanches, rockslides). A web-
based platform with embedded machine learning 
algorithms to produce warnings will also be directly 
assessed by the stakeholders of the Autonomous Province 
of Bolzano (Italy). This will provide a first-hand 
assessment of the usability and reliability of the methods. 
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Abstract In recent years, about ten large rockfalls with a 
volume of more than 10,000 m3 have been observed in the 
eastern part of Slovenia, causing damage to infrastructure, 
and resulting in two fatalities. Because rockfalls occur 
suddenly and usually without visible warning signs, they 
are extremely difficult (or impossible) to predict and thus 
pose a major potential risk to people and infrastructure. 
Within the framework of the project Development of 
Research Infrastructure for International Competitiveness 
of Slovenian Responsible Research and Innovation Space a 
set of pilot areas were equipped with meteorological and 
geotechnical sensors (rain gauges, air temperature and 
humidity sensors, tilt gauges, kit for measuring rock stress 
and deformability, laser distance metres, crackmeters and 
rock temperature sensors) providing real time monitoring 
data. In this paper, we present seven months of monitoring 
data from a pilot area considered to be the Oligocene 
Smrekovec volcanic complex outcrops. The first 
correlation between temperatures and the movement of 
rock blocks is presented. 
 
Keywords rockfalls, monitoring, sensors, temperature, 
eastern Slovenia 
 
 

 

Rockfalls are the result of a long geological process 
(tectonics, weathering, etc.), but the fall is sudden. The 
questions most often asked are what causes rockfall to fall 
(what factors) and how (what mechanisms)? In the case of 
a meteorological factor, several physical mechanisms may 
be involved, which may manifest as rockfalls initiated by a 
slide or a fall (Krautblatter and Dikau 2007; D’Amato et al. 
2016; Macciota et al. 2015; Matsuoka 2019). Rock mass is a 
type of heterogeneous material that contains many 
nonpersistent joints. When the daytime temperature is 
high, the water in the joints undergoes periodic freeze-
thaw cycles. The periodic freeze-thaw cycles induce the 
joint cracks to expand continuously, which will lead to the 
failure of the rock mass. Temperature fluctuations of high 
magnitude have been shown to cause irreversible 
displacements leading to cracks in discontinuities. 
Thermal shock occurs due to rapid temperature change 
which leads to significant variation of stresses and 
displacements in brittle rocks. In transient heat flow, rapid 

cooling leads to large tensile stresses at the surface, while 
rapid heating causes large compressive stresses (Kim and 
Kemeny 2009; Collins and Stock 2016; Notti et al. 2020). 
The redistribution of stress can lead to the appearance of 
microcracks, and the development of the microcracks can 
lead to the failure of the rock face. 

Rockfalls are widespread phenomena in mountain 
ranges, coastal cliffs, volcanos, river banks, and slope cuts 
(Corominas et al. 2017). Recent studies have shown that 
losses due to rockfalls are mainly concentrated in 
populated areas where there is a research deficit and lack 
of appropriate risk strategies (Petley 2012).  

The morphology of slopes, unfavourable geological 
and tectonic conditions, and climatic diversity contribute 
significantly to the large rockfall potential in Slovenia 
( . According to 
the information from the rockfall database of DRI 
Investment Management Ltd (which manages a rockfall 
database for national roads for the Slovenian 
Infrastructure Agency), more than 600 km of road links 
are affected by rockfall events. In Slovenia, major rockfall 
phenomena, such as large-scale rockfalls with a volume of 
more than 100.000 m3, are not very common. They occur 

they are limited to smaller areas (
Mikoš et al. 2006). More often we have to deal with 
rockfalls and blockfalls that endanger residential and 
commercial buildings, roads and railroads lines. Despite 
protective nets, falling rock often penetrates the protective 
net, or the falling rock hits the track after passing the 
protective net. In some particularly exposed locations, 
rockfalls severely affect the safety and normal operation of 
the railroads and cause great economic and material 
losses. The most problematic are very narrow valleys with 
very steep slopes above and below the railroads in the 
eastern part of the country. In the years between 2010 and 
2020, about ten large rockfalls with a volume of more than 
10,000 m3 have been observed in the eastern part of 
Slovenia, causing damage to infrastructure, and claiming 
two fatalities (URSZR, annual report 2021). Deciding for 
the installation of an early warning system is an important 
step towards the protection of railroad users and residents 
in areas with high risk for a catastrophic event. Because 
rockfalls occurs suddenly, usually without visible warning 
signs, they are extremely difficult (or impossible) to 
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predict and pose a great potential threat to people and 
infrastructure. 

In this paper we will present the monitoring of 
rockfall-prone area in eastern Slovenia only for a pilot 
marked with number 2 in Fig. 1. Based on the results, we 
will show the preliminary correlation between the 
monitored temperatures and the displacement rates 
determined by the nearby crackmeters. 

 

 
Figure 1 Map with the location of the pilot areas, numbered 
1-Zasavje, 2-Smrekovec, 3- 4-Brezno, and 5- . 

 
 

In the frame of Project »Development of research 
infrastructure for the international competitiveness of the 
Slovenian RRI space–RI-SI-EPOS, co-financed by the 
Republic of Slovenia, Ministry of Education, Science and 
Sport and the European Union from the European 
Regional Development Fund, the following measuring 
equipment have been installed at the selected monitoring 
areas early in 2021: rain gauges, sensors for air temperature 
and humidity, tiltmeters, kit for measuring rock stress and 
deformability, laser distance gauges, crackmeters and near 
surface rock temperature sensors. The sensors of 
temperature at the depth of 25, 50 and 75 cm were drilled 
in homogenous, intact rock with at least 30 cm distance to 
joints following the design of Gruber et al. (2004). This 
sampling strategy does not reflect the importance of 
nonconductive heat transfer through joints, but we 
avoided complex micro-topography from surrounding 
bedrock to minimize shadowing or concentration of 
surface runoff (after snowmelt). Some of the installed 
sensors can be seen in Fig. 2. Table 1 shows the basic 
specification of sensors and the number of sensors for each 
pilot area. The monitoring areas in eastern Slovenia (Fig. 1) 
were selected according to the following criteria: 
Frequency of rockfalls, risk to the population and 

infrastructure, and diversity of rock composition 
(carbonate and igneous). Each individual rock type has 
different engineering properties and predisposing factors 
that can affect exfoliation, discontinuity formation, and 
fractures. However, the type of rock, its mineralogical 
nature, anisotropy or isotropy very often determine the 
susceptibility to the formation of fractures and their 
opening. 

 

  

   

Figure 2 Instalation of the sensors: A-crackmeter, B-tiltmeter and 
laser distance meter, C-rock temperature sensor, and D-base 
station with solar panel. 

The geotechnical sensors are wired using LoRa 
communication protocol and LoRa gateway and powered 
by a base station, which also serves as an in-situ data 
logger. The Nodes connected to board so that every data 
coming from the sensor can forward right away using the 
LoRa network (Long Range Wide Area Network). Thus, 
the collected data are not transferred right away but going 
through data processing firsthand. The data also stored in 
the local storage to minimize the data loss because of a 
network error. Wide Area Network (WAN) is used in this 
research based on the LoRa module and makes it possible 
to send data in an approximately 2 km radius. Due to 
emerging technologies, battery powered devices using 
LoRaWAN to communicate can run for many years even 
without replacement. 

 
  

A

D C 

B 
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Table 1 The basic specification of the sensors and the number of sensors in the pilot areas. The pilot areas are shown in Fig.1 and are 
marked with numbers from 1 to 5. Abbreviation F.S. characterized Factor Safety.  

 

Range Precision Sampling 
frequency 

Sensor numbers per pilot area (Fig. 1) 
1 2 3 4 5 

Rain gauges 400 cm2 0.2 mm/pulse 30 min 1 1 1 1 1 

Sensor for air T -40 to +60 °C ± 0.1 °C 30 min 1 1 1 1 1 

Sensor for air humidity 0-100 % Rh ± 1 % 30 min 1 1 1 1 1 

Tiltmeter ± 15° biaxial ± 0.01°C 30 min 5 4 2 3 2 
Kit for measuring rock 
stress and 
deformability 

±8.5 MPa ± 0.25 % F.S. 30 min 4 3 3 4 1 

Laser distance gauges 0.05 -150 m 0.1 mm 30 min 1 3 1 4 2 

Crackmeter 100 mm ± 0.1 % F.S. 30 min 8 8 3 7 3 

Rock T sensors -50 to +150 °C ± 0.2 °C 30 min 4 4 2 4 1 
 
 
 
Smrekovec monitoring area 

The Oligocene Smrekovec 
along south-easternmost surface extending of the 
Periadriatic Faut System and forms a part of south-western 
system of the Pannonian basins (Kralj 2021). It is a remnant 
of a submarine andesitic stratovolcano composed of 
complex successions of lavas, autoclastic, pyroclastic, syn-
eruptive resedimented volcaniclastic and mixed 
siliciclastic-volcaniclastic deposits. The stratovolcano 
hosted hydrothermal system with a deep igneous source 
and convective-advective flow of hydrothermal fluids that 
resulted in extensive alteration of volcanic rocks, in 
particular, the formation of zeolites and clay minerals. 
Extensive tectonic activity along the Periadriatic Fault 
System dissected the volcano and displaced the northern 
sections on a several ten-kilometre-scale toward the 
south-east, and as a result, only a quarter of the original 
edifice has been preserved. The present-day rugged 

result of extensive glacial erosion that occurred during the 
last Ice Age (Komac and Zorn 2007). 
 
Result  

In this paper, we presented monitoring data from June 
2021 to mid-December 2021. To show the temperature 
differences in the rock face, in the air, and near the ground, 
we used the box and whisker plots (Fig. 3). Fig. 3 shows the 
distribution of temperature data in quartiles, with the 
mean and outliers highlighted. The boxes have vertical 
lines indicating variability outside the upper and lower 
quartiles, and any point outside these lines or whiskers is 
considered an outlier. Fig. 3 shows temperature readings 
from the temperature sensor measuring temperature at 25, 
50, and 75 cm depth (T37157), air temperature, and 

to the crackmeters and measure temperature 5 cm above 
the ground. The position of the sensors on the rock face is 
indicated by red circles in Fig. 4. 

 

 
Figure 3 Distribution of temperature data in quartiles, with the 
mean and outliers highlighted. T air is temperature from the 
meteorological station (3 km away from the monitoring area). 
Temperature sensors T37157 which measure the rock 
temperature at three depths: 25 cm, 50 cm, 75 cm. Sensors 

measure temperature 5 cm above the ground.  

 
 

 
Figure 4 Smrekovec monitoring area. Crackmeters sernsors 
incuding temperature sensors 5 cm above the ground: CT12002, 
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To show the first observed trends, we plotted the 
time series of temperatures and measured displacements 
on the one cracmeter separately for the summer months 
(June, July, August, September) and for the fall and winter 
months (October, November, December) (Fig. 5). The 
time series of the temperature sensors clearly showed that 
the higher temperatures are measured in the summer 
months (Fig. 5a), while the air and rock temperatures 
decrease in the fall and winter (Fig. 5b). The air 
temperature measured at a height of 5 cm above the 
ground, and the temperature at a depth of 25 cm in the 
rock face are very similar during the summer months (Fig. 
5a), while the air temperatures fluctuate and remain quite 
high during the day. Temperatures at 25 cm depth and 5 
cm above the ground are rather constant in winter and do 
not fluctuate significantly (Fig. 5b). Temperatures at 
depths of 50 and 75 cm are constant and lower in winter 
(Fig. 5b). From the observed period of seven months, some 
trends in the movement of the rock block can be seen. 
Positive crackmeter readings (the values are on the y-axis 
to the right of the graph) are considered to be expansion 

of the rock block and negative ones are considered to be 
contraction of the rock block. Based on the first finding, 
we correlate this trend of rock expansion with the drop in 
temperature at the end of the fall and during the winter 
months. Although the measured expansion rate is very 
low, about 0.5 mm, this could be due to a measurement 
error. The plotted trend line (red colour) tentatively 
indicates some changes in the motion that could be related 

 
below 5°C, the trend line indicates an expansion of the 
block. However, more observation periods are needed 
before this assumption can be confirmed. 

To find a significant correlation between the 
temperatures and the displacements, we made a diagram 
(Fig. 6) showing two T readings (T - 
temperature sensor at 5 cm above the ground). Over the 
seven-month period, movements of -1 mm to 0.2 mm can 
be seen. As temperatures decrease, the rates of movement 
go from negative to positive values (up to 0.2 mm), which 
could indicate expansion of the rock block during cooling 
of the air and rock. 

 
a) 

 
b) 

 
Figure 5 Observed time series of temperature sensor T37157 measuring rock temperature at three depths: 25 cm, 50 cm, 75 cm. T air is 
the temperature of the meteorological station (3 km from the monitoring area). Crackmeters values are on the y-axis to the right of the 
graph.  and 

. A) The monitoring period is from June to September 2021. B) The monitoring 
period is from October to mid-December 2021. 
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Figure 6 G
(Tair - - temperature sensor at 5 cm above the 
ground - blue colour). The monitoring period is from June to 
mid-December 2021. 

 
Conclusions 

The overall goal of monitoring is to decipher the sensitivity 
of rock faces to climatic changes and freeze-thaw cycles 
using a multi-method approach. In this paper, we focused 
on the outcrops of the Oligocene Smrekovec volcanic 
complex, which appear in many places in the eastern part 
of the country and represent rockfall-prone areas. 
However, the presented observation period is too short to 
draw relevant conclusions on the correlation of 
temperatures and displacements. Preliminary results from 
seven months of observations suggest a correlation 
between temperature fluctuations and rock block 
movement, especially in the late autumn and winter 
months. For next steps, we are aware of the lack of rock 
surface temperatures, so installation of new sensors is 
planned (Ibuttons). Rock surface temperature will help us 
identify freeze-thaw episodes. 
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Abstract This paper presents a result of landslide 
inventory mapping at the Bednja Municipality and 
Lepoglava City study area in Hrvatsko Zagorje region, NW 
Croatia. The landslides were interpreted from the high 
resolution (30 cm) digital elevation model (DEM) and its 
derivatives (slope and contour map, hillshade). The DEM 
was interpolated from the point cloud obtained by 
airborne laser scanning undertaken in spring 2020. In the 
study area of 20.22 km2, the total number of interpreted 
landslides is 912, making the average density of 45.1 ls/km2. 
The average size of the recorded landslides is 448 m2. 
According to the spatial plans, most of the studied area is 
covered by forests, agricultural areas, pastures, and 
artificial areas. The highest density of landslides is also in 
the forest areas, while the lowest is in the artificial areas. 
Furthermore, almost 64% of the mapped landslides are 
located within 50 m of the roads, and more than 39% of 
the mapped landslides are located within 100 m of the 
buildings and residential houses. Due to the level of detail 
provided and its completeness, the presented landside 
inventory map is an important tool for risk management 
at the local level because it gives detailed information 
necessary for risk evaluation as well as to decide about 
feasible options for risk mitigation, e.g., stabilisation 
measures vs relocation of the development to a more 
favourable location. 

 
Keywords landslide inventory, LiDAR, high-resolution 
DEM, land use 
 
Introduction 

A landslide inventory presents a detailed register of the 
distribution and characteristics of past landslides (Hervás 
2013) in some areas. Preparation of a landslide inventory is 
an essential part of any landslide zoning (AGS 2007). 
According to the Guzzeti et al. (2012), landslide inventory 
maps are prepared for: (i) documenting the extent of 
landslide phenomena in areas ranging from small to large 
watersheds and from regions to states or nations; (ii) as a 
preliminary step toward landslide susceptibility, hazard, 
and risk assessment; (iii) to investigate the distribution, 
types, and patterns of landslides in relation to 
morphological and geological characteristics; and (iv) to 
study the evolution of landscapes dominated by mass-

wasting processes. Landslide maps, including the landslide 
inventory map, are an essential tool in landslide risk 
management, supporting authorities, practitioners and 
decision-makers in the more appropriate and sustainable 
land planning and risk mitigation strategy development 
(Roccati et al. 2021). 

In recent years, Light Detection and Ranging 
(LiDAR) data have been commonly used to map landslide 
morphology and estimate landslide activity in areas that 
are partly or completely covered by dense vegetation 
(Razak et al. 2010). LiDAR is a consolidated remote sensing 
technique used to obtain digital representations of the 
topographic surface for areas ranging from a few hectares 
to thousands of square kilometres (Shan and Toth 2009). 
The technique uses a laser sensor mounted on an 
aeroplane or helicopter to measure the distance from the 
instrument and multiple points on the topographic 
surface. According to Guzzetti et al. (2012), more than 100 
points per square meter can be measured. From elevation 
point clouds obtained by laser scanning, a detailed digital 
elevation model (DEM) can be produced and different 
DEM derivatives such as slope, hillshade or contour maps. 
High resolution DEM (HRDEM), and its derivatives, 
enables a recognition of landside morphology and thus 
interpretation of landslides. 

In this paper, a historical inventory map of the study 
area in NW Croatia, interpreted from LiDAR HRDEM 
derivates, is presented and analysed regarding land-use 
data. In the context of risk assessment, land-use is a useful 
indicator of elements at risk, because the overlap of 
landslide inventory with the basic land use categories 
(forests, agricultural areas, and artificial surfaces) gives us 
information on landslide impact (e.g., Bernat Gazibara et 
al. 2019) that is necessary for following up risk assessment. 

 
Study area 

The study area comprises 20.22 km2 of the hilly terrain, 
located in the Hrvatsko Zagorje region (Fig. 1). The area 

, to the Bednja 
Municipality (14.28 km2) and Lepoglava City (5.94 km2). 
According to the land use data from the Bednja 
Municipality and Lepoglava City, the study area is covered 
by forests (52%), agricultural areas and pastures (52%) and 
artificial areas (8%). Approximately 12% of the area have 
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Figure 1 Location of the study area within the administrative units of the Republic of Croatia (a, b) and its relief conditions (c). 

 
slope angles <5°, 15% of the area 5°–12°, 57% of the area 12°–
32° and 14% of the area have slope angles >32°. The 
distribution of slope angels makes the study area 
potentially prone to sliding. The study area is composed of 
Miocene (78%), Quaternary (14%) and Triassic sediments 
(7%) according to the Basic Geological Map (

located in the north-eastern part of the study area, are 
composed of Lower Triassic sandstones, shales, dolomites 
and limestones and Middle Triassic dolomites, limestones 
and dolomitis
Miocene sediments are composed of sandstones, marls, 
sands and tuffs (Burdigalian), and biogenic, sandy and 
marly limestones, calcareous marls and sandstones 
(Tortonian). The Triassic sediments incline mainly 
towards SW with dip angles 35°-60°. The Miocene 
sediments are subhorizontal (in W part of the study area) 
to steeply inclined (40°-55°) in NE and E parts of the study 

Quaternary sediments, composed of sands, silts and 
gravels, are located in the valleys around streams and 
rivers. 
Precipitations and human activity are the primary triggers 
of landslides in NW Croatia (Bernat et al. 2014a). For 
example, abundant landslide events (Multiple-Occurrence 
Regional 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). Generally, the 
climate of the study area is continental with a mild 
maritime influence. The mean annual precipitation for the 
period of 1949-2020 is 873.7 mm, according to the data 

located approximately 30 kilometres to the east  (DHMZ 
2022). The majority of precipitations (approx. 70%) falls 
mainly from May to November. 
 

 

Lidar data 
LiDAR data for the study area was acquired in the 
framework of the project „Methodology development for 
landslide susceptibility assessment for land-use planning 
based on LiDAR technology (LandSlidePlan)“ financed by 
the Croatian Science Foundation. Airborne laser scanning 
(ALS) was undertaken in March 2020, which corresponds 
to the winter leaf-off period in Croatia. The LiDAR system 
used in this study captured data at a pulse rate of 400 kHz 
with a surface point horizontal accuracy of 3 cm and 
vertical accuracy of 4 cm. 

The total number of points in the LiDAR point cloud 
for the area of 20.22 km2, was approximately 6.2×108. Of all 
data points, 52.2% were classified as ground (bare earth) 
points. The average spacing of the ground points was 
0.28 m. Those points were used for the creation of the 
bare-earth digital elevation model (DEM) with a 0.3 m 
resolution. 

 
Visual interpretation of landslides on LiDAR DEM 
The topographic derivative datasets used to interpret the 
landslide morphology were hillshade maps, slope maps 
and contour lines (Fig. 2). In addition, orthophoto images 
from 2014-2016 were used to check the morphological 
forms along roads and houses, such as artificial fills and 
cuts, similar to landslides on DEM derivatives. Derivatives 
of the LiDAR DEM were computed in ArcGIS 10.8. 
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Landslide identification on the LiDAR DEM 
derivatives was manual and GIS-assisted, based on 
recognising landslide features (e.g., concave main scarps, 
hummocky landslide bodies and convex landslide toes).  

Hillshade maps calculated with different azimuth 
angles (45°, 135° and 315°) were used to avoid shades 
covering landslide features hindering the delineation of 
the landslide boundary (Schulz 2007). A slope map (Fig. 
2b) was used to interpret steep areas, which may also 
indicate scarps, ridges, or landslide toes (Ardizzone et al., 
2007). Contour lines with a spacing of 0.5 m were helpful 
for the identification of concave and convex features such 
as landslide accumulation and depression zones, 
respectively. The mapping was performed at a large scale 
(1:100–1:500) to ensure the correct delineation of the 
landslide boundaries. Each mapped landslide polygon was 
assigned with the certainty of landslide identification and 
precision of mapping. 

Anthropogenic landslide conditioning factors 
analysed in this study were land use data, transport 
infrastructure network (roads) and buildings (Fig. 3). Land 

use data were obtained from the official spatial plans of the 
Municipality of Bednja (2019) and the City of Lepoglava 
(2017). Land use classes from both spatial plans were firstly 
merged using ArcMap 10.8 and then simplified into three 
categories (artificial areas, agricultural areas and pastures, 
and forests) as described in Table 1. According to the land 
use data, 10.5 km2 (52%) of the study area is covered by 
forests, 8.07 km2 (40%) of the area is covered by 
agricultural areas and pastures and 1.63 km2 (8%) of the 
area are artificial surfaces.  

Traffic infrastructure was partly obtained from 
spatial plans and partly by digitising the roads from aerial 
photos and hillshade maps derived from LiDAR DEM. The 
total length of the roads covering the study area is 165 km.  

The buildings in the study area were obtained from 
the LiDAR point cloud points classified as buildings 
according to the ASPRS (2011). The points classified as 
buildings were converted to polygon shapefiles in ArcMap 
10.8 and checked on aerial photos. The total number of 
mapped buildings in the study area is 1849. 

 
 

 

Figure 2 Landslide identified on the three different topographic derivative DTM maps: (a) hillshade map; (b) slope map; and (c) contour 
map (0.5 m spacing). 

 
 

 

Table 1 Land use classes from spatial plans of Municipality of Bednja, City of Lepoglava and merged land use classes of the study area. 

Merged classes Municipality of Bednja City of Lepoglava 

Artificial areas 

Settlement area with constructions Settlement area with constructions 
Construction site Construction site outside of the settlement area 

Graveyard Graveyard 
 Tourist area 

Agricultural areas 
and pastures 

Valuable agricultural areas Valuable agricultural area 
Other agricultural areas Other agricultural area 

Other agricultural areas and forests Other agricultural areas and forests 
Settlement area without constructions Settlement area without constructions 

 Areas and buildings related to agricultural activities 

Forest areas 
Commercial forest Commercial forest 

Commercial forest under management of the Republic of Croatia Other forests 
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Figure 3 Spatial distribution of the anthropogenic landslide causal factors in the study area and landside inventory mapped on the LiDAR 
DEM. 

 
Results 

Landslide inventory map 
Initially, 904 landslides were mapped on the LiDAR DEM 
derivatives of the study area. 24% (214) of randomly 
selected landslides were checked on the field. From the 214 
checked phenomena, 20 phenomena were rejected as 
landslides. Additionally, 28 phenomena were mapped in 
the field and added to the landslide inventory, making the 
total number of landslides in the inventory 912 (Fig. 3). 

The total area of mapped landslides is 0.408 km2, or 
2.02% of the study area. The mean landslide density is 45.1 
slope failures per square kilometre. The size of the 
recorded landslides ranges from a minimum value of 
3.3 m2 to a maximum of 13,779 m2, whereas the average 
area is 448 m2 (median = 173 m2, std. dev. = 880 m2). The 
most frequent landslides in the inventory have an area of 
approx. 200 m2, and almost 85% of the landslide bodies 
showed a size between 40 and 2,000 m2. The small size of 
the landslides is probably the result of geological 
conditions (mainly Miocene marls covered with residual 
soils) and geomorphological conditions, where the 
differences between the valley bottoms and the top of the 
hills are rarely higher than 100 meters. 

The frequency–size distribution of all mapped 
landslides in the pilot area (Fig. 4) shows two scaling 
regimes: a positive power-law scaling for small landslides 
and a negative power-law scaling for medium and large 

landslides. The transition between the positive and the 
negative power-law relations can be used to distinguish 
between small and medium landslides. Based on the 
rollover at approximately 200 m2, 48% of the mapped 
landslides are small (<200 m2) and 52% are medium and 
large (>200 m2) in size. The prevailing dominant types of 
landslides are probably shallow soil slides. 

 
 

land-use  
The analyses of landslide statistics relative to land-use 
types were performed by using points, which represent 
landslide polygon centroids. The landslide density per 
land-use unit (Tab. 2) shows that 73.8% of the mapped 
landslides appear in forest areas, 23.6% on agricultural 
areas and pastures, and only 2.6% on artificial surfaces. 
The mean landslide density in forests is 64 ls/km2, more 
than two times higher than in agricultural areas and 
pastures (26.7 ls/km2) and almost five times higher than in 
artificial areas (14.7 ls/km2). One of the possible 
explanations is that LiDAR-based landslide inventories 
can often be incomplete on settlements and arable lands 
due to frequent anthropogenic influences (Bell et al. 2012; 
Bernat et al. 2019; Petschko et al. 2015; Steger et al. 2016). 
Another probable reason is that the higher landslide 
density in forests is associated with prevailing steep slopes 
and forest gullies (the average slope angle of the forest 
class in the study area is 25°).  
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Figure 4 Frequency–size distribution of all mapped landslides in the study area (20.22 km2) of the Hrvatsko Zagorje region. 

 
 

In contrast, the artificial areas and agricultural areas and 
pastures in the study area are likely to be associated with 
the less favourable conditions for landslide initiation, i.e. 
on the surfaces with more gentle slope angles (average 
slope angle for artificial areas is 14°, and for agricultural 
areas and pastures 16°). 

Analysis of the landslide distribution in the study 
area shows that more than 56% of the mapped landslides 
are located within 25 to 75 m from the roads (approx. 45% 
of the study area). Additionally, more than 39% (314) of the 
mapped landslides are located within 100 m of the 
buildings (approx. 34% of the study area).  

 
Table 2 Landslide density per land-use unit in the study area. 

Anthropogenic 
factors 

Area 
(km2) 

Area 
(%) 

Landslide 
number 

(%) 
Land use 
Forest areas 10.5 52.1 73.8 
Agricultural areas and 
pastures 8.1 39. 9 23.6 

Artificial areas 1.6 8.1 2.6 
Distance from roads 
0-10 m 3.2 15.7 7.9 
10-25 m 4.2 20.8 19.7 
25-50 m 5.6 27.5 32.9 
50-75 m 3.6 18.0 23.5 
75-100 m 2.0 10.0 10.9 
>100 m 1.6 8.1 5.2 
Distance from buildings 
0-10 m 0.9 4.6 0.8 
10-25 m 1.3 6.4 3.3 
25-50 m 2.1 10.1 10.0 
50-75 m 2.0 9.6 10.6 
75-100 m 1.7 8.4 9.8 
>100 m 12.3 60.9 65.6 

 
Conclusions 

LiDAR DEM map and its derivatives were used for detailed 
landslide mapping of the hilly area in the Hrvatsko Zagorje 
region, NW Croatia. Visual interpretation of the 20.22 km2 
area resulted in a landslide inventory map with 912 
landslides and a mean landslide density of 45.1 ls/km2. 

LiDAR DEM map with a resolution of 0.3 m, and its 
derivatives, proved to be a valuable tool for mapping 
landslides in the Hrvatsko Zagorje region, even for 
landslides of the small area. The area of the smallest 
mapped landslide is 3.3 m2, and almost 50% of the 
landslides are smaller than 200 m2. The frequency-size 
distribution shows that the landslide inventory of the 
study area is substantially complete. Most of the mapped 
landslides are historical landslides. However, the presence 
of small landslides and landslides with a significant degree 
of preserved morphology indicates that the inventory map 
includes relatively recent seasonal landslides. This 
seasonal inventory probably represents landslides 
(re)activated in winter 2012/2013 and in spring 2018. 

Most of the mapped landslides are located in forest 
areas, showing one of the advantages of using LiDAR in the 
Hrvatsko Zagorje region that enables mapping landslides 
under dense vegetation cover. Only 26% of landslides are 
located in artificial areas, agricultural areas and pastures. 
The difference in landslide density (frequency) between 
land use classes indicates that landslide inventories in 
artificial areas, agricultural areas, and pastures are often 
incomplete due to frequent anthropogenic influences and 
changes in natural morphology. However, these areas are 
also less favourable for landslide initiation because of more 
gentle relief with prevailing smaller slope angels.  

Even though the landslide density is two to five times 
higher in forest areas than in agricultural areas, pastures 
and artificial areas, the landslides still present a significant 
threat to transportation infrastructure and buildings. 
Spatial analyses show that almost 64% of the mapped 
landslides are located within 50 m from the roads, and 
more than 39% of the mapped landslides are located 
within 100 m from the buildings and residential houses. 

Due to the level of detail provided and its 
completeness, presented landside inventory presents an 
important tool for the following risk mitigation measures: 
(i) avoid the risk by measures applied in the process of 
spatial and urban planning; (ii) reduce the frequency of 
sliding and its consequences by stabilisation measures; 
(iii) manage the risk by establishing monitoring and 
warning systems; and (iv) transfer the risk by, e.g., by the 
provision of insurance to cover potential property damage. 
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Because of a variety of possible applications, the presented 
landslide inventory map is intended for numerous users 
from spatial and urban planning, construction, and civil 
protection. In addition, the same map also provides 
valuable and necessary data for preparing a landslide 
susceptibility map in the detailed scale for local 
application, another essential tool for spatial development 
and land-use planning. 

 
 

This work has been fully supported by Croatian Science 
Foundation under the project “Methodology development 
for landslide susceptibility assessment for land use 
planning based on LiDAR technology” (LandSlidePlan 
IP-2019-04-9900). 
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Abstract This paper presents the application of Light 
Detection and Ranging (LiDAR) data for landslide 
identification and mapping in the pilot area at the Istria 
Penninsula (Croatia) and the analyses on the influence of 
expert knowledge on the quality of landslide inventory. 
Visual interpretation of landslides was carried out on high-
resolution airborne laser scanning (ALS) LiDAR dataset. 
Scanning was taken in March 2020 for the pilot area in the 
City of Buzet. Based on the characteristics of the acquired 
LiDAR Point Cloud, a bare-earth digital elevation model 
(DEM) with 30 cm resolution was created. Different 
topographic derivative datasets such as slope, hillshade, 
contour lines, and roughness maps were created to 
interpret the LiDAR data. Eight experts with different 
levels of expert knowledge on LiDAR interpretation were 
given one week to carry out visual identification and 
mapping of potential landslides in the pilot area (0.3 km2) 
at a large scale (1:200) to provide detailed landslide 
mapping. Statistical analyses were performed based on the 
collected data to determine differences in the mapping 
accuracy and the number of recognized landslides by the 
experts. Results show that the experts familiar with the 
geology of the study area and potential landslide 
mechanics obtained better results than the experts who 
mapped landslides based on only ordinary topographic 
and geomorphological features specific for landslides. 

 
Keywords landslides, inventory mapping, remote sensing, 
LiDAR 
 
 
Introduction 

Landslide inventory maps present essential input 
parameters for multiple regional spatial analyses such are 
landslide susceptibility, hazard, and risk assessment 
(Guzzetti et al. 2000; van Westen et al. 2006) and to 
establish a pattern between landslide occurrence and 
geological and geomorphological conditions. 
Unfortunately, Croatian local governments do not have 
reliable data about past landslide locations, so the main 
problem with the current landslide hazard and risk 

management practice in Croatia is insufficient landslide 
inventory archives  However, 
the traditional methodology for producing landslide 
inventory maps includes field mapping, which produces a 
limited amount of data, in case of inaccessible and 
overgrown areas and, consequently, only a rough 
estimation of a number of landslides. Therefore, the 
traditional engineering geological field mapping is time-
consuming and ineffective for large study areas.  

Remote sensing methods, such as airborne LiDAR, 
are used for visual landslide interpretation with high 
accuracy and precision, resulting in substantially complete 
inventory maps . 
LiDAR is a fully automated, modern remote sensing 
technology that uses light beams in a pulsed laser to 
acquire ground elevation data (Wehr and Lo
Based on the characteristics of the acquired LiDAR Point 
Cloud, primarily due to high point density, it is possible to 
produce high-resolution Digital Terrain Models (DTM). 
High-resolution Digital Terrain Models are used in various 
studies, especially landslide mapping (Schultz, 2007; Bell 
et al. 2012; ). However, 
to use high-resolution LiDAR Point Cloud for such 
purposes is mandatory to automatically filter vegetation 
and all other above-earth 
bare-earth DEM. Landslides are usually located in forest 
areas or covered by dense vegetation making LiDAR the 
only appropriate remote sensing tool in landslide mapping 
(Gold, 2004). Several different morphometric maps can be 
derived for the LiDAR dataset, such as slope, hillshade, 
contour, and roughness map to present specific landslide 
topography.  

This study aims to demonstrate how expert 
knowledge on LiDAR data interpretation and familiarity 
with geological and geomorphological conditions of the 
study area influences the results of landslide identification 
and mapping. The paper hypothesis is that the 
landslide identification and mapping by several experts 
with different experiences in LiDAR mapping and 
knowledge about a research area will result in higher 
accuracy of landslide inventory maps.
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Study area 

The City of Buzet is located in the northern part of the 
Istria Peninsula in the western part of Croatia. From the 
geomorphological point of view, it is the part of the mega-
geomorphological region of the Dinaric Mountain Belt and 
macro-geomorphological region of the Istrian Peninsula 
with the Kvarner Bay coastal region and archipelago 
(Bognar, 2001). 2 of the 
hilly area (Fig. 1), southwest of the i ountain 
Range. According to Corine Land Cover ( ) the current 
land use of the investigated area includes 14.2 km2 of 

2 of agricultural areas, and 0.004 km2 of 
water bodies. Therefore, according to the Corine Land 
Cover classification, there are no artificial surfaces. 

Slope angle in the wider study area is steeper than 5° 
 area, while the prevailing slope angles 

have a range of 5°– study area) and 12°–32° 
study area), making this area potentially prone 

to landslides (Fig. 1a).  
The wider study area (Fig. 1b) is dominantly 

consists of an alteration of marls and sandstones (flysch 
deposits), breccia deposits, nummulitic limestone, and 
limestone deposits. Marls are clayey, greenish to 
yellowish-grey, sporadically loose due to the weathering, 
sporadically compact due to higher calcium carbonate 
content. Sandstones are fine-grained, blue to yellowish 
and grey. They are very hard due to their higher calcium 
carbonate content. If there is more lime binder present, 
they turn into sandy limestone. They appear in layers from 
1 cm to 1-2 m tick. The total thickness of this part of the 

 
Characteristics of flysch rock mass imply that 

lithological contact between the highly weathered flysch 
deposits and fresh Eocene flysch is highly susceptible to 
landsliding. Landslides in such geological and 

geomorphological environments are mainly small to 
medium-sized landslides. 

According to Köppen-Geiger climate classification 
(Köppen , the climate of the City of Buzet belongs to 
the "Cfa" climate class, which is temperate with no dry 
season, hot summer and coldest months averaging above 
0°C. Mean annual precipitation (MAP) is 1200 – 1300 mm, 
and landslides are primarily induced by rainfall (Bernat et 
al. 2014a). 
 
 

 

LiDAR data for the study area were acquired in the 
ect “Methodology development for 

landslide susceptibility assessment for land-use planning 
based on LiDAR technology (LandSlidePlan 
IP-2019-04-9900) funded by the Croatian Science 
Foundation”. Airborne laser scanning (ALS) was taken in 
March 2020, using Eurocopter EC 120B equipped with 
Hasselblad camera and Riegl LMS- -range 
airborne laser scanner. The LiDAR system used in this 
study captured data at the pulse rate frequency of 400 kHz 
with the surface point horizontal accuracy of 3 cm and 
vertical accuracy of 4 cm. Final Point Cloud has 
approximately 623 million points with a point density of 

Based on the point density and average point spacing, the 
final LiDAR dataset was used to create a bare-earth DEM 
with a 30 cm resolution using the kriging interpolation 
method. 

The hillshade, slope, contour, curvature, and surface 
roughness maps were derived from the 30 cm resolution 
digital terrain model (Fig. 2). Derivatives of the LiDAR-

from the LiDAR DTM. For calculating curvature and 
surface roughness, an additional ArcGIS Toolbox 
Geomorphometry and Gradient Metrics (Evans et al. 2014) 
were used. 
 

 

 
Figure 1 Study area in the City of Buzet with the outline of the pilot 
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For this paper, landslide identification was done for the 0.3 
km2 on the topographic derivative maps. Landslide 
mapping is based on identifying the main landslide 
features such as main and minor scarps, sudden changes 
in a slope topography, and landslide foots. Hillshade maps 
produced with different azimuth angles of the light source 
(45°and 315°) with the altitude angle of the light source 
above the horizon set to 45° were used to avoid shades 
covering landslide features. Along with the hillshade map, 
the slope map (Fig. 2b) and curvature map (Fig. 2c) were 
used to interpret changes in the slope topography, such as 
main landslide scarp and landslide foot (Ardizzone et al. 
2007). Terrain roughness map computed by methodology 
proposed by Riley et al. alize 
elevation or slope angle changes to identify unstable 
slopes. 

Eight experts with different levels of expert 
knowledge in LiDAR interpretation and different levels of 
knowledge of the study area were given one week to carry 
out the visual identification and mapping of potential 
landslides on the pilot area (0.3 km2). Seven experts 
independently mapped the landslides on the pilot area, 
while E procedure of 
Experts 5 and Expert 6 mentored by an Expert with high 
LiDAR mapping experience in a similar geomorphological 
environment. Experience in landslide identification on the 
topographic derivative maps was expressed as ‘high’, 
‘medium’, ‘low’, and ‘no experience’ for each Expert (Table 
1). LiDAR mapping experience was defined as ‘high’ for 
experts who are very experienced in landslide mapping, 
‘medium’ for experts familiar with landslide mapping but 
didn’t do it regularly, and ‘low’ 
recently started working with LiDAR data. ‘No experience’ 
category was reserved for the Expert who mapped 
landslides for the first time using a LiDAR dataset. 

On the other hand, research knowledge of the study 
area was expressed as ‘high’, ‘medium’, and ‘low’ for each 
Expert (Table 1). Research knowledge of the geological and 
geomorphological conditions of the study area was 
defined as ‘high’ for experts who are familiar with the 
geological and geomorphological setting and have 
previous experience with landslide occurrences in similar 
conditions, and ‘medium’ for experts who have some 
experience and basic knowledge about landslide 
occurrences in similar geological and geomorphological 
conditions. Finally, research knowledge about geological 
and geomorphological conditions was expressed as ‘low’ 
for experts unfamiliar with the study area.  

Landslide mapping was done at a large scale (1:200 - 
500) to ensure detailed mapping of landslide boundaries. 

check geomorphological forms, which can have a similar 
appearance to landslides on DTM derivatives.  

Landslides identified by experts at the LiDAR dataset 
were checked during the field survey in January 2022. 
Boundaries of the checked landslides were eventually 
modified in the field based on landslide morphology, so 

the resulting landslide inventory consisted of correctly 
identified and mapped landslides. 

Statistical analyses were performed based on the 
collected data using the polygon-based approach to 
compare different experts inventory maps with valid 
inventory maps (Van Den Eeckhaut et al. 2005). The 
analysis included determining the number of mapped 
landslides and the total area affected by landslides for each 
Expert. Processed data were then compared with the 
verified landslides in the inventory. Furthermore, the 
number of correctly identified landslides were determined 
for each Expert. Finally, for each Expert, the ratio of 
correctly identified landslide area and a total area of 
confirmed landslides was determined, Table 2. 

 
 

 

Figure 2 Composite display of the landslide (40 × 40 m) at an 
orthophoto and three different topographic derivative DTM 
maps with contour lines (1 
(b) transparent slope map on the hillshade map; (c) curvature 
map; and (d) transparent surface roughness map on the hillshade 
map. 

 
 
Table 1 Levels of expert knowledge in LiDAR mapping and 
research knowledge of study area. 

Expert no. LiDAR mapping 
experience 

Researcher knowledge 
on study area 

Expert 1 Low High 
Expert 2 Medium Medium 
Expert 3 High Medium 
Expert 4 High Medium 
Expert 5 Low Low 
Expert 6 Low Low 
Expert 7 No experience Low 
Expert 8 Medium High 
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Results 

The landslide inventory map has been produced on a small 
part (0.3 km2) of the City of Buzet area. The initial 
landslide inventory map produced by eight experts 
consisted 
around 0.037 km2 
the mapping area (0.30 km2). Mapped landslides extend 
from 5.00 m2 mapped by Expert 2, to 2 mapped 
by Expert 1. Fig.  
in the pilot area.  

Based on the collected data by seven experts, field 
verification of the produced landslide inventory was 
undertaken. Because the field verification was carried out 
cautiously and systematically, not all the landslides were 
verified during this paper preparation. The field 
verification included checking landslide boundaries and 
modifying them according to landslide morphology in the 
field. As shown in Fig. 
were verified. During the field verification of landslides in 
the central part of the pilot area, it was noticed that a large 
number of landslides was mapped on slopes with active 
erosion. Also, it was noticed that the detailed mapping of 
landslide boundaries at erosion affected slopes is not 
unambiguously because landslide boundaries 
to changes during a short period of time. Therefore, it was 
decided to exclude all previously mapped landslides 
within the erosion areas and declare that they are a part of 
multi-hazard areas, including erosion and landslides 
processes and badland morphology. After the field 
verification, landslides were divided into four categories: 
confirmed landslides (  of 
mapped landslides), confirmed landslides with modified 
boundary ( ), unconfirmed landslides ( ) and 
abolished landslides within multi-hazard areas (1 ). 

during the field survey and were excluded from further 
analysis. 

For each Expert, an average of 72
landslides were verified. As indicated in Table 2 number of 

landslide mapped on the field can contain more than one 
landslide indicated by an expert on LiDAR DTM. That 
explains the more significant number of verified landslides 
for some experts than the smaller number of verified 
landslides for other experts. For example, Expert 1 mapped 
one landslide of  m2 while Expert 2, within the same 
boundaries, mapped three smaller landslides with areas 
ranging from 102.36 m2 to 532.54 m2. Furthermore, the 
average size 2 

for Expert 2 up to 1434.77 m2 for Expert 1, which indicates 
that Expert 2 mapped primarily small to medium-sized 
landslides. On the other hand, Expert 1 identified and 
mapped predominantly large landslides.  

The landslide mapping analyses included 
overlapping individual expert inventories with the 
inventory that includes only confirmed landslides and 
confirmed landslides with modified boundaries, i.e. 
confirmed landslide inventory. The pixel-based approach 
was applied, and the number of landslide pixels mapped 
by experts within the limits of confirmed landslides was 
calculated. As the result, the total calculated area affected 
by confirmed landslides was 0.007 km2 or approx. 
the pilot area. Based on the confirmed landslide inventory, 
statistical analysis was undertaken. Analysis shows 
significant discrepancies between eight experts in the 
landslide mapping accuracy. As shown in Table 2 
percentage of correctly mapped landslides varies 
significantly between experts. The accuracy and precision 
of landslide mapping depend on LiDAR mapping 
experience and knowledge about geological settings and 
geomorphological processes in a study area
the highest percentage of correctly mapped landslide area 
(70,04  of individual landslide inventory). This result can 
be explained with repeated mapping procedures by two 
experts, Expert 5 and Expert 6, who were mentored by the 
Expert with high LiDAR mapping experience in similar 
geomorphological environments. On the other hand, 
Expert 7 has the smallest percentage of correctly mapped 
landslides,  of landslide area matched with 
confirmed landslide inventory, which is expected since 
Expert 7 has the lowest knowledge on geological and 
geomorphological characteristics of the study area and 
experience with LiDAR mapping. Other results range from 

for Expert 1 (low LiDAR mapping experience and 
high researcher knowledge of study area for 
Expert 5 (low LiDAR mapping experience and low 
researcher knowledge of study area). Expert 2 (medium 
LiDAR mapping experience and medium researcher 
knowledge of study area) and Expert 3 (high LiDAR 
mapping experience and medium researcher knowledge of 
study area) have a similar percentage of correctly mapped 
landslides which is 
Expert 3. Based on the results presented in Table 2, it can 
be concluded that the percentage of correctly mapped 
landslide area directly depends on LiDAR mapping 
experience and researcher knowledge of the study area. 
Also, it can be concluded that if more than one expert is 
involved in landslide mapping in the study area, the result 
will be a more accurate landslide inventory.  
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Table 2 Landslide mapping results based on expert knowledge on LiDAR mapping and research knowledge of the study area. 

Expert no. Number of 
mapped 
landslides 

Number of 
verified 
landslides 

Minimal area 
of confirmed 
landslide 
(m2) 

Maximal area of 
confirmed 
landslide 
(m2) 

Average area 
of confirmed 
landslides 
(m2) 

Correctly 
mapped 
landslide area 
(m2) 

Percentage 
of correctly 
mapped 
landslide 
area (%) 

Expert 1 16 13 440.42 5791.88 1434.77 1822.79 25.47 
Expert 2 76 38 5.04 681.72 166.49 2962.98 41.40 
Expert 3 44 29 11.87 949.78 194.19 2858.13 39.94 
Expert 4 21 18 23.00 663.00 223.06 2079.00 29.05 
Expert 5 49 36 14.00 1134.00 276.47 3518.37 49.16 
Expert 6 26 20 42.00 1208.00 527.75 2348.19 32.81 
Expert 7 7 7 120.00 1437.00 724.00 1457.46 20.37 
Expert 8 109 49 15.88 1217.40 253.06 5012.19 70.04 

 
 
 

 
Figure 3 Landslide inventory map produced by the experts with indicated confirmed landslides and erosion. 
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Discussion and conclusion 

This study demonstrated the efficiency and accuracy of the 
airborne LiDAR data on landslide identification and 
mapping and the influence of the expert knowledge on the 
research results. Landslide interpretation of the pilot area 
(0.3 km2) was done using the 30 cm DTM and its 
derivatives such as the hillshade, slope and contour maps. 
Seven experts with different levels of expert knowledge in 
LiDAR interpretation and study area were given one week 
to carry out visual identification and mapping of potential 
landslides to provide detailed landslide mapping at a large 
scale of DTM maps. The initial landslide inventory map 
produced by seven 
making up the total landslide area of 0.037 km2. In 
addition, the field verification was conducted on 
landslides or 51.2  of the total number of landslides in the 
inventory. Based on the total number of verified 
landslides, 37.6  
confirmed with modification of landslides boundaries, 
33,3  abolished since a landslide 
location was inside multi-hazard areas  
landslides remained unconfirmed. The number of 
unconfirmed and confirmed landslides with modified 
landslide boundary during the in situ verification pointed 
that the common recommendation about verification of 

landslides in the final landslide inventory, is not 
sufficient in the pilot area as well as areas with complex 
geology settings and multi-hazard processes. Therefore, to 
ensure the accuracy of the landslide inventory map, it is 
necessary to increase the ratio of in situ verified and 
confirmed landslides related to the total number of 
landslides in an inventory map. 

The analysis of landslides mapped by seven experts 
showed that the experience and knowledge about a 
research area play a crucial role in landslide recognition in 
complex geological conditions such are flysch formation in 
the City of Buzet wider area. Furthermore, obtained results 

, which 
procedure of three Experts, show that the same pilot area 
needs to be mapped multiple times to accomplish a high 
accuracy landslide inventory map.  
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Abstract From a geomorphological point of view, slope 
mass movements could be considered as natural 
mechanisms of slope equilibration. Unequilibrated 
hillslopes could theoretically be indicated with the areas of 
the ongoing slope processes which will complete with the 
temporary stabilisation of the hillslope. To determine the 
areas of potential past occurrences of the slope mass 
movements, we modified the GLA index which was 
primarily developed for the identification of river gradient 
anomalies caused by the recent tectonic uplift or 
subsidence (  & , ). We present the 
test whether the modified GLA method named the slope 
gradient anomaly (SGA) method, can be applied to active 
slope mass movements, and present preliminary results of 
the application of this method to hillslopes on several 
known landslide areas and on several random areas, where 
we test the wider applicability of the method. 

 
Keywords landslide detection, GLA method, SGA 
method, slope analysis, DEM 
 
Introduction: the concept 

GLA is a newly developed geo-morphometrical index 
modified to identify the gradient anomalies along the 
natural river profile as indicators of recently active 

 & , corrects the 
disadvantages of Hack’s SL-index (Hack and 
improves its performance. The method is based on the 

follows an exponential curve with negative exponential 
e river profile to the 

the equilibrated profile indicate recent disturbance (uplift 
or subsidence). The GLA attributes the mathematically 
defined best-fitting exponential function with a negative 
exponent to the actual river profile and identifies the 
deviations of the actual profile from the theoretical one. 
The guiding process in the evolution of the equilibrated 
river profiles is fluvial erosion. The concave shape develops 
due to the downstream increase of the discharge and 
decrease of the transport capacity when the stream is 

 
This contribution aims to test, whether the principles 

of the GLA method can be applied to hillslope mass 
movement processes, by suggesting the modifications of 
the GLA method to detect active slope processes. To avoid 
confusion between the GLA method, which shall be used 
in the case of fluvial processes, we named this new method 

as SGA (slope gradient anomaly) method. The proposed 
adaptation of the GLA method requires reconsideration of 
the geomorphological processes involved in slope mass 
movements and the establishment of new assumptions. 

rock degradation are chemical (mineral dissolution), 
mechanical (splattering of raindrops, freezing-thawing, 
etc.) and biological weathering processes (cracks widening 
by roots, etc.) 
process of the slope formation is an interplay of the in-situ 
weathering of the bedrock and the ability of the weathered 

transport agent such as fluvial, wind or glacial forces 
(excluding the gravity), the theoretical equilibrated slope 
would exhibit the following convex-linear-concave profile 
(Fig.  
 

Schematic representation of the theoretical equilibrated 
hillslope profile  

 
The upper part of the slope profile gains a convex 

shape depending on the angle of repose of the 
unconsolidated weathered material. Eventually, the 
weathered material gravitationally moves downslope and 
accumulates at the base, forming the concave profile at the 
lower part of the naturally equilibrated slope profile. Most 
of the hillslope between those two segments could be 
satisfactorily defined with the linear function 
(Summerfield . 

the temperate natural environments as 
encountered in Slovenia, soil-mantled slopes with linear to 
linear-convex profiles are most commonly observed 
(Fig. 
The lower concave segment of the slope is mostly absent 
due to a well-developed stream network causing fluvial 
undercutting at the base of the hillslopes. Slope angles at 
their linear segments vary with the lithology of the 
bedrock (Fig. Thus we assume that the SGA method 



– Slope gradient anomalies as indicators of potential slope instabilities 

94 
 

could be applied only to the lithologically uniform slopes, 
or the slopes should be segmented based on lithology 

The 
impact of lithology on reshaping the equilibrated river 
profile was established to be negligible, presumably due to 
the high intensity of the fluvial processes and their ability 

Slope formation processes are considerably 
less intensive and the equilibrated slopes develop over a 
considerable amount of time. Slope mass movements are 
though instantaneous events that cause transportation of 
a large amount of the material to be transported in a short 
period of time in a form of landslides. After the landslide 
occurs, slow cosmopolitan processes (in situ weathering 
with local gravitational transport of the weathered 
material) take over to eventually transform the slope 
profile into the next generation equilibrated slope profile. 
Based on slow processes occurring on slopes, the GLA 
method is expected to detect not only recent but the slope 
mass movements which occurred even in more temporally 

anomalies). With time, the slope stability gradually 
diminishes due to the progressive mechanical, chemical 
and biological transformation of the material. Decreased 
cohesion (material available to be transported) mostly 

accompanied with transient natural conditions (decreased 
pore pressure, earthquake, loading of a slope, 
undercutting etc.) induce the change in the ratio between 
shear strength of the material and shear stress, triggering 
the occurrence of a slope failure. 

Before the failure, the internal slope stability 
gradually decreases, but in most cases, the process on the 
surface remains rather invisible (minor cracks etc.) 

detectability). After the slope failure, the three distinctive 
morphological elements modify the original profile: steep 
scarp at the upper point of the failure (recognizable as a 
sudden increase of the slope angle), followed by the 
segment where the material has been removed (visible as 
a deficit in the profile) and finally where the material has 
been accumulated (landslide’s foot) (visible as a surplus in 
the profile) (assumption 5: the expected morphological 

SGA identifies 
anomalies of the slope profile from the best-fitting linear 

as high positive SGA values, displaced material as positive 
SGA values and accumulated material as negative SGA 
values in this sequence is expected to indicate the slope 
mass movement occurred at the specific slope profile. 

 

 
Slope profile shapes in the temperate environment of Slovenia. 
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Figure  The distinct morphological elements of the slope failure 
expected to be detected by the SGA method on hillslopes. 

Based on the discussed differences between river and 
slope profiles it is important to carefully select the 
appropriate profile on the hillslope prior to SGA analysis, 
to make sure that the profile of interest captures the 
surface outside the permanent or temporal gullies or other 
fluvially-developed features, which are commonly 
dissecting the slopes (assumption 6: the spatial extent of 
applicability). 

Due to discussed differences in the geomorphological 
processes that shape the slopes in comparison to the river 
profiles, some modifications were needed to adjust the 
GLA method for an application to the hillslopes. The 
modifications are summarized in the following table 
(Tab.  
 
 
Materials and methods 

The detailed mathematical background of the GLA 

adaptation of the GLA method to slopes includes the 
transformation of the exponential predicted profile to the 
linear. Other steps remain the same and for the step-by-
step explanation of the concept, the reader is referred to 
the above-listed papers. 

The employed digital elevation model (DEM) was 
based on the publicly available LiDAR data (Slovenian 

elevation data along slope profiles and to visualize the 
results. The SGA calculation was carried out with MS Excel 
software. The performance of the SGA index was tested in 
several different conditions to evaluate the limitations of 
the method. The performance was tested on the hillslopes 
where the slope failures of different dimensions were 

Three size ranges were considered: large, deep-seated 

-sized landslide (a

depth =  
artificial constructions such as roads and terraces to test if 

they are detected as anomalies. The profiles were selected 
on slopes with uniform and heterogenous lithology to 
investigate the impact of lithology on the results of the 
method. We also tested the performance of the SGA on the 
hillslopes where no slope mass movements have been 
evidenced up to now. The profiles were delineated 
manually. To exclude the method’s noise resulting from 
the inaccuracies of DEM, the n-factor which determines 

& 

 the profile across a large deep-
seated landslide. To divide both negative and positive, as 
well as high and low SGA values defining different 
morphological elements, the SGA values were classified 
into 5 classes (Tab. al 
occurrence of the downslope sequence scarp-removed 
material-accumulated material. 
areas of slope anomalies were compared to the lithological 
conditions and known landslide features.  
 

The modifications of the GLA 
 

 GLA on river  SGA on hillslope 
The shape of the 
predicted 
equilibrated profile 

Exponential 
function 

Linear function 

Impact of lithology Negligible High 
Age of detected 
anomalies 

Only recent  Recent and past 

Object of detection Tectonic uplift 
or subsidence, 
anthropogenic 
constructions 

Scarp, removed 
material, 
accumulated material 
(landslide’s foot) 

The spatial extent 
of applicability 

Along the river 
profile  

Along the steepest 
slope between the 
mountain ridge and 
the stream 

 
Table  SGA values classification. 

 SGA 
values 

Morphological element 

Extremely low values -min - - 5  Extensive material 
accumulation 

Slightly low values -5 - -1 Material accumulation 
Negligible values -1 - +1 Negligible changes 
Slightly high values +1 – +5 Material removal 
Extremely high values +5 - +max Scarp and extensive 

material removal 
 
 
Testing and validation of the SGA method  

Hillslopes with no known slope failures exhibit no distinct 
anomalies (Fig.  A, B, D). Anthropogenic structures such 
as terraces and pits occur as rather distinct anomalies 
(Fig.  A, C), while the method does not detect the local 
roads (Fig.  B). Results of the SGA method should be 
manually checked for anthropogenic structures (roads, 
terraces, pits etc.) as they may give false-positive results. 
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SGA performance on different types of hillslopes. 

 

 
Figure 5 SGA method performance in the case of the middle-
sized slope mass movements. 

The SGA method was not successful at recognizing 
very small and shallow slope failures (Fig. C), while in the 
case of the middle-sized landslide both areas of removed 
and accumulated material were detected (Fig. 5). Scarp 
was however not expressed as an anomaly. Examples show 
that the essential characteristic is not the spatial extent of 
the slope failure, but the depth of the removed or 
accumulated material. 

Analysis of a large deep-seated landslide that crosses 
several lithological borders gives insight into the detection 
of large landslide morphological elements and an impact 
of heterogeneous lithology on results of the SGA method. 
The method successfully detected scarp, removed material 
in the landslide’s head and accumulation in the sequence 
(Fig. 6A). Comparison with the results acquired for the 
particular lithological unit shows additional details which 
could be acquired when considering only one lithological 
unit (Fig. 6B). 
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Figure 6 SGA performance in the case of a large deep-seated landslide. A – Single profile across several lithologic units. B – Profile for 
the separate lithologic unit.  
 
Discussion 

This is the first step to adjust and test the performance of 
the modified GLA method, named the SGA method, for 
the detection of slope failures and further work is required 
to confirm its actual utility value in landslide research. The 
most promising aspect of this method is in its potential for 
automated detection of the past landslide events which 
would allow fast and automatic processing of the large 
areas of interest and considerably expand the existing 
landslide databases which presently mostly depend on the 
probability that the event has been noticed and 
additionally on the responsibility of individuals or 
authorities to report the event. Based on the gained 
understanding of the performance of the SGA method on 
the hillslopes presented in this paper we will further focus 
on automatization of the method which will allow us to 
reach statistically reliable testing results. However, this is 
only an initial report on how to detect active slope mass 
movements based on the analysis of DEM. A lot of further 
tests and modifications are required, including the 
appropriate selection of correct orientation and position of 
the profiles, segmentation, correct mathematical slope 
approximations etc. to develop a reliable new method for 
the detection of active slope mass movements. 
 
 
Conclusion 

The adjusted GLA method, named the SGA method, has 
the potential to evolve into an automated tool for 
detecting past slope failures from DEM. The method 
detects scarp, area of slid material and landslide foot or 
area of slope mass accumulation based on deviations from 
estimated equilibrated slope profile. Preliminary results of 
the testing carried out on a limited number of samples 
indicate a high potential for detecting middle to large-
scale events while the method is not able to detect shallow 
slope mass movements. The testing also exposed some 

limitations of the SGA method, such as the importance of 
precise profile selection and the impact of artificial 
constructions which may give false-positive results. The 
method gives better results when considering slopes with 
uniform lithology. Further work on the automatization of 
the method, testing of different mathematical slope 
approximations and their adaptation to different regional 
topographic characteristics of the slopes, and testing on a 
larger, statistically reliable set of samples will finally 
evaluate the reliability and utility of the method in 
landslide research. 
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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. 

 
Keywords landslide susceptibility mapping, LiDAR, land 
use, LandSlidePlan 
 
 
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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Abstract This paper presents the results of a shallow 
landslide susceptibility assessment for the Polog region in 
Macedonia. The geomorphological setting of the Polog 
study area, the complex geology, and the specific hydro-
meteorological conditions make this region one of the 
most landslide susceptible areas in the country. According 
to the available landslide inventory for the Polog region, 
21% of landslides are classified as shallow landslides. The 
infinite slope stability method was used for shallow 
landslide susceptibility assessment over the study area. 
This is a simple but very useful model for planar sliding, 
which assumes that landslides are infinitely long but have 
a shallow sliding surface parallel to the ground surface. 
Due to the complexity of the analyzed phenomenon, the 
variability of influential factors, and uncertainty in 
parameters. Considering that this is a regional-scale 
analysis, selecting relevant parameters was very 
challenging. In order to get a sense of the susceptibility to 
shallow landslides, several possible scenarios were 
analyzed: with two groundwater levels (0.35 and 0.70 m of 
soil depth) and minimum and average values of 
geotechnical parameters of the lithological units. The 
obtained susceptibility maps indicate that the most prone 
zones for shallow landslide occurrences match with most 
landslides from the inventory. However, results are limited 
regarding the reliability of input data about soil thickness, 
the relevance of geotechnical parameters of soils, and the 
groundwater levels. In order to get more advanced analysis 
on a watershed scale, it is recommended to carry out more 
detailed geotechnical investigations and tests, monitoring 
of rainfalls, monitoring of surface water regimes, and 
groundwater levels.  
 
Keywords shallow landslide, assessment, susceptibility 
map, Polog region 
 
Introduction  

Shallow landslides are typically translational sliding 
movements of soil material, either earth and/or debris, 
characterized by a pre-defined, planar sliding surface in a 
depth of up to 2.0 m (Cruden & Varnes 1996; Hungr et 
al. 2014). In addition, according to the Swiss 

recommendations (BWW, BRP, BUWAL 1997), landslides 
are classified as “shallow” if they are less than 2.0 m deep.  

The shallow landslides are particularly destructive 
phenomena and lead to considerable loss of human life 
and property damage (Postance et al. 2017). For example, 
the catastrophic translational landslides, which occurred 
at Mt. Umyeon in July 2011, following nearly 49.5 mm/h of 
heavy rainfall, resulted in 18 deaths and more than 20 
injuries in the central Seoul metropolitan area, along with 
tens of millions of dollars of residential and infrastructural 
damage (Lee and Park 2015). Another example is the event 
in October 2011, when the eastern Liguria (Vara Valley and 
Cinque Terre area) and northwestern Tuscany (Magra 
Valley) were affected by an extreme rainstorm with almost 
600 mm/24 h that caused floods, thousands of shallow 
landslides, 13 casualties and damage to villages and 
infrastructure (Bartelletti et al. 2017). During 24–26 
October 2010, an intense rainstorm during which the total 
precipitation in 3 days was around 250 mm affected a part 
of Tuscany and triggered 50 reported shallow landslides 
(Tofani et al. 2017). Presented examples lead to rainfall as 
the major trigger of shallow landslides. 

The territory of Macedonia is severely and frequently 
affected by landslides, which are responsible for direct and 
indirect impacts on the structures, infrastructure, and 
population (Peshevski et al. 2017; Haque et al. 2016). A 
study on landslide distribution in the country has shown 
that the northwest part of the country, more precisely the 
Polog region, is the most prone to landslide processes, 
primarily triggered by heavy rainfalls and favoured by its 
geological, morphological, and tectonic setting (Peshevski 
et al. 2019). Therefore, appropriate risk management is 
urgently needed for this part of the country. Landslide 
susceptibility hazard and risk assessments are deemed 
necessary as well. For the Polog study area, preliminary 
landslide susceptibility studies were performed by 
Peshevski (2015). Some recent improvements were 
obtained by Peshevski et al. (2019), who presented a 
heuristic approach for preliminary regional landslide 
susceptibility assessment using a limited amount of data.  

The main objective of this work was to develop a 
shallow landslide susceptibility map for the Polog region, 
considering that according to the landslide inventory, 21% 
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of the landslides in the region are confirmed in the class of 
shallow landslides (Nedelkovska et al. 2020).  

 
Study area  

The Polog region is located in the northwest part of 
Macedonia (Fig. 1). It is characterized by mountainous 
topography and dense hydrographic network comprising 
torrential streams and rivers and high population density 
along the Shar Planina Range and Vardar River. From 
almost all geological periods, geological formations can be 
found here: from the Cambrian to the Quaternary period, 
characterized by different types of igneous, sedimentary, 

and metamorphic rocks. The topographic relief of the 
Polog study area ranges from 265 to 2,700 m above the sea 
level with a complex morphology that is influenced by the 
tectonic and geologic conditions. 

The Polog region has 3 types of climate: 
 - Hot continental at altitude of 600–900m a.s.l. 
 - Cold continental climate at altitude of 900-1100m a.s.l.  
 - Alpine mountainous climate at altitude over 2250m a.s.l. 
Summers are warm and partly humid, winters are cold and 
snowy, whereas springs and autumns are characterized by 
rainfall. The study area has the highest annual average 
amount of rainfall in the country (Ilijovski 2013); it ranges 
from 600 mm/year to more than 1,250 mm/year. 

 
 

 
Figure 1 Polog region (North Macedonia) study area: a) location of North Macedonia in Europe; b) location of the Polog region in 
North Macedonia; c) geological map. (Jovanovski et al. 2021 – in print)  
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Historically, this region has been exposed to extreme 
weather conditions and frequent flooding. Numerous of 
devastating flash floods happened in 2015 and 2016 with 
huge human and economic losses (Peshevski et al. 2017). 
The losses were caused by torrential floods and mass flows 
and inappropriate land-use, such as construction in flood 
plains, rapid illegal building in hazard zones and 
constricted river courses, and increased erosion due to 
logging in forests. All these mentioned artificial changes 
alter the hydrological processes and regimes, increase the 
risk of floods and associated effects, such as landslides, 
rockfalls, mudflows, and generate other unfavorable 
engineering-geological processes. The effects of such 
activities are combined with climate changes as well, and 
related increases in the frequency of hydrological 
extremes.  
 
 
Methodology  

A variety of methods have been developed for slope 
stability analysis on a regional scale (e.g. Montgomery and 
Dietrich 1994; van Westen and Terlien 1996; Borga et al. 
2002; Saha et al. 2002; Ray 2008). The infinite slope 
method by Skempton and DeLory (1957) is a simple but 
very useful model for shallow sliding on a slip surface 
parallel to the slope. The infinite slope model assumes that 
landslides are infinitely long but have the shallow sliding 
surface, and therefore, this model is appropriate for the 
analysis of shallow landslides. The following equation was 
used for calculation of the safety factor F in this study, 
which has also been used by several other researchers (van 
Westen and Terlien 1996; Acharya et al. 2006; Ray and 
Smedt 2008): 
 = + (1 )   [1] 

 
wherein: F is the slope stability factor (adimensional), Cs 
is the effective soil cohesion (kN/m2), Cr is the root 
cohesion (kN/m2), D is the depth of the soil above the 
sliding surface (m),  is friction angle of the soil (
the slope angle ( w is the unit weight of water (kN/m3), 

e is the effective unit weight of the soil (kN/m3), and m is 
wetness index. The effective unit weight is defined by Van 
Westen and Terlien (1996), as: 

 = + (1 ) +   [2] 
 

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

The slope geometry and the different variables in the 
above equations are shown in Fig. 2, adapted from 
Skempton and DeLory (1957). 

The cohesion, dry and saturated unit weight and the 
friction angle of the soil (Tab. 1) were adopted  from the 
available 1:200 000 scale engineering-geological map of 
Macedonia (Geological survey Skopje, 1977).  

The slope angle was derived from the digital elevation 
model of the terrain (DEM), with grid size of 10 x 10 m.  

The approach proposed by Saulnier et al. (1997) was 
used, which expresses the depth of the soil above the 
sliding surface solely as a function of local elevation and 
has the form: =   (  )  [3] 

 
wherein: hi is soil depth computed at pixel i, hmax and hmin 
are the maximum and minimum values of the soil depth 
in the area, zi is the local value of elevation at pixel i, while 
zmax and zmin are the maximum and minimum values of 
elevation encountered in the test area. 

 

 
Figure 2Schematic representation of the infinite slope method 
depicting the different parameters and variables (adapted from 
Skempton & DeLory 1957). 

 

 
Table 1 Geotechnical parameters for the lithological units (Engineering-geological map of Macedonia, Geological survey 
Skopje, 1977).   

Lithological unit Unit weight of  
dry soil  

d [kN/m3] 

Unit weight of  
saturated soil  

s[kN/m3] 

Cohesion  
Cs [kN/m2] 

Angle of internal 
friction 

  

 min max Min max min max min max 
Alluvial sediments 17.0 18.6 20.0 21.6 0.0 16.0 20.0 36.0 
Proluvial sediments 15.5 16.5 18.5 19.5 1.0 22.0 24.0 32.0 
Diluvial and eluvial -diluvial sediments 16.0 18.5 19.0 21.5 10.0 30.0 25.0 29.0 
Glacial and fluvioglacial sediments 14.0 16.0 17.0 19.0 8.0 20.0 22.0 32.0 
Lacustrine sandy-clayey sediments 15.5 18.0 18.5 21.0 13.0 28.0 21.0 34.0 
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Many researchers have estimated the value of root 
cohesion for different vegetation species growing in 
different environments that have been summarized in 
Chok et al. (2015). Considering the proposed values, as well 
as the forest cover information and land-use data for the 
Polog region from Corine Land Cover (CLC 2018) 
inventory, the representative values of root cohesion are 
presented in Tab. 2.  

The parameter wetness index (m) theoretically 
expresses the relative position of the water table H/D, 
where H is the saturated thickness of the soil above the 
failure plain and D is the total depth of the soil above the 
failure plain (Ray and Smedt 2008). Since the available 
data for calculating the wetness index were very limited, 
two different scenarios were assumed of this value; 
namely, 0.35 and 0.70. 

Since all input parameters were defined, the safety 
factor was calculated using the equations explained above. 
Considering that this is a regional scale geospatial analysis, 
the calculations are performed in GIS environment, using 
the software. Based on the obtained values for the safety 
factor, different stability classes (Tab. 3) were adopted 
according to Ray & Smedt 2008. 

 
 

Table 2 Root cohesion for land-use types and species in the Polog 
region (adapted from Chok et al., 2015). 

No. Land-use type Cr [kN/m2] 

1 Discontinuous urban fabric 0.0 
2 Industrial or commercial units 0.0 
3 Mineral extraction sites 0.0 
4 Non-irrigated arable land 0.0 
5 Fruit trees and berry plantations 2.0 
6 Pastures 2.0 
7 Complex cultivation patterns 1.5 

8 
Land principally occupied by 
agriculture, with significant areas of 
natural vegetation 

2.0 

9 Broad-leaved forest 7.0 
10 Coniferous forest 10.0 
11 Mixed forest 2.0 
12 Natural grasslands 0.0 
13 Moors and heathland 2.0 
14 Sclerophyllous vegetation 2.0 
15 Transitional woodland-shrub 2.0 
16 Sparsely vegetated areas 0.0 
17 Burnt areas 0.0 
 
 

Table 3 Adopted slope stability classes (according to Ray and 
Smedt, 2008). 

Safety factor Slope stability class 

F > 1.5 Stable 
1.25 < F < 1.5 Moderately stable 

1 < F < 1.25 Quasi stable 
F < 1 Unstable 

 
Results and discussion 

Several scenarios were analyzed for the Polog region, to get 
landslide hazard/susceptibility assessment in two 
different groundwater levels (0.35 and 0.70 of soil depth) 
and by taking into consideration the minimum and 
average values of the geotechnical strength parameters of 
the lithological units. Fig. 3 shows the obtained shallow 
landslide susceptibility maps. 

The obtained susceptibility maps show that the most 
shallow landslide-prone zones match with most landslides 
from the inventory. In addition, the results suggest that 
shallow landslides are more likely to occur in the 
northernmost watersheds than in southern ones. If we 
consider the hypsometric position of the susceptibility 
zones in all performed models, it is obvious that most 
landslides are expected to occur in the transition zone of 
the mountainous terrain towards the valley. Again, the 
northernmost part of the region is an exception because, 
therein, shallow landslides should be expected throughout 
the entire watersheds.  
 
Conclusions  

The obtained results are limited in regards to the precision 
of the data related to soil thickness and relatively low 
number of data (and unevenly distributed sampling points 
in the region) for the geotechnical parameters of soils, as 
well as the groundwater levels. All these limitations should 
be overcome in more advanced studies on sub/watershed 
scales. 

Therefore, it is considered that the proposed 
approach helps in the preliminary zonation of shallow 
landslide susceptibility of the region. In order to perform 
a more detailed analysis on the coarser scale, and with a 
higher level of confidence in results, much more work 
should be performed on selected watersheds within the 
region. The exportation of the same procedure to other 
regions of Macedonia is envisaged in order to foster the 
improvement of awareness of authorities for the landslide 
hazards in the country context. 
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Figure 3 Shallow landslide susceptibility models for Polog Region: minimum values (Tab. 1) of the geotechnical parameters with 
a) m=0.35 and b) m=0.70; average values (Tab. 1) of the geotechnical parameters with c) m=0.35 and d) m=0.70. 
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Abstract The fact that Slovenia is highly exposed to 
landslides underlines the need for preventive measures to 
reduce the hazard associated with landslides in the future. 
Therefore, in 2011, the Geological Survey of Slovenia 
(GeoZS) started developing the MASPREM system to 
predict landslides hazard due to increased rainfall in 
Slovenia. Today the system is fully automated and based 
on open source software (PostgreSQL, PostGIS, Java, 
MapServer, OpenLayers). The system runs every 12 hours 
and reaches the forecast 24 hours in advance.   
The calculation of the forecast model is based on the 
following input data: national landslide susceptibility 
map, threshold values for each engineering geological unit 
and rainfall forecast models ALADIN/SI and INCA 
(obtained by Slovenian Environment Agency). The results 
of the calculated landslide forecast models are displayed in 
the form of maps with a five-level scale on the control 
panel. In case of a calculated hazard, the system 
automatically sends an e-warning to registered users. 
MASPREM is also used by the GeoZS emergency service 
and by the Administration of the Republic of Slovenia for 
Civil Protection and Disaster Relief. In addition, the 
Slovenian landslide forecasting and warning system aims 
to improve and reduce landslide disaster risk. These goals 
were also written into the recent Kyoto2020 Commitment 
for Global Promotion of Understanding and Reducing 
Landslide Disaster Risk (KS2020), which provides a long-
term and global framework for the landslide community 
to develop ISDR-ICL Sendai Partnerships 2015–2025. 
 
Keywords landslide forecast system, rainfall threshold 
values, Masprem, Slovenia 
 
Introduction 

The morphology of the slopes, unfavourable geological 
and tectonic conditions and climatic diversity contribute 
to the high susceptibility to landslides in Slovenia. 
According to previous studies, one third of Slovenia is 
highly susceptible to landslides  2006). 
Consequently, almost one fifth of the Slovenian 
population lives in areas that are highly prone to landslides 
(Komac 2012).  

Recently, landslides have been quite frequent and 
have caused significant damage to infrastructure, 

buildings and agricultural land. According to the latest 
data in Slovenia, the estimated damage caused by 
landslides is about 100 million for the period from 1994 to 
2008 (Komac, 2017). While the Ministry of the 
Environment and Spatial Planning, reported that 
landslides have caused damage of about 350 million in the 
last decade (Intihar, 2020). The damage mainly affected 
infrastructure, agricultural land and facilities.   

The most common phenomenon in Slovenia are 
shallow landslides, caused mainly by intense short- or 
long-lasting rain events (Jemec & Komac 2013; Rosi et al. 
2016; Jemec et al. 2016; Jemec et al. 2018; Jordanova et al. 
2020).  

The potential consequences caused by landslides can 
be mitigated by implementing appropriate hazard 
management and prevention measures. Regionally, 
implementation of a landslide early warning system 
(LEWS) is widely used to assess the probability of 
occurrence of rainfall-induced landslides in large areas 
(Piciullo et al. 2017). In general, all LEWS use 
meteorological forecasts and rainfall threshold values. A 
comprehensive overview of the different LEWS was given 
by Piciullo et al. 2017; Pecoraro et al. 2019; Guzzetti et al. 
2020. Although landslides are among the major natural 
hazards causing significant damage to property and 
infrastructure worldwide, Guzzetti (et al. 2020) noted that 
many areas with numerous fatal landslides, where 
landslide risk to the population is high, lack LEWSs.  

The aim of this paper is to present the Slovenian 
landslide forecasting and warning system, from the 
conceptual to the operational phase.  

 
Methodology 

Architecture of MASPREM system 
The MASPREM system generally consists of 3 separate 
modules (Fig. 1): 

(1) the module for daily data transmission; 
(2) dynamic forecast modelling module;  
(3) distribution model.  

The module for daily data transmission ensure that rainfall 
forecast models (obtained by Slovenian Environment 
Agency) are transferred to the GeoZS server. 
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Figure 1 Architecture of MASPREM system.  

 
 
The core of the landslide forecast system is the 

dynamic forecast modelling module, which is based on an 
algorithm that enables the calculation of the following 
input data:  

(1) national landslide susceptibility map at a scale of 
1:250,000,  
(2) two types of threshold values determined for each 
engineering-geologic unit and  
(3) rainfall forecast models ALADIN/SI and INCA. 
The distribution module provides that the MASPREM 

system is a fully automated system and runs every 12 hours 
and reaches the forecast 24 hours in advance. It is based 
on open-source software (PostgreSQL, PostGIS, Java, 
MapServer, OpenLayers).  

The computed landslide forecast models are 
calculated in the form of raster maps with a five-level scale 
with classes from negligible to very high landslide 
probability. The maps are displayed on the MASPREM web 
control panel and are intended for use by end users 
(presented in the Results chapter).  

The system has been fully operational since 
September 2013. Nevertheless, the results should be 
treated with caution and must be interpreted by experts 
(GeoZS emergency services).  

In the following text we present the dynamic forecast 
modelling module in more detail.  
Landslide susceptibility map (LSM) 
One of the key elements of dynamic forecast modelling 
module is a Slovenian landslide susceptibility map at scale 
a 1: 250,000. It represents a static input.  

The landslide susceptibility map of Slovenia is based 
on the extensive landslide database compiled and 
standardised at the national level and on analyses of 
spatial occurrence of landslides ). 
About 3,200 landslides with known location were selected 
and used for the univariate statistical analyses ( 2) to 
predict the occurrence of landslides in relation to the 
spatiotemporal precondition factors (lithology, slope 
inclination, slope curvature, slope aspect, distance to 
geological contacts, distance to structural elements, 
distance to surface water, flow length, and land cover type) 
and in relation to the triggering factors (maximum 24-h 
rainfall, average annual rainfall intensity, and peak ground 
acceleration). The analyses were performed using GIS in a 
raster format with a pixel size of 25 x 25 m. Five groups of 
lithologic units were defined, ranging from low to high 
susceptibility to landslides. Critical slopes for landslide 
occurrence, other terrain characteristics and land cover 
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types more susceptible to landslides were also defined. 
Critical rainfall amounts and peak ground acceleration 
were defined as triggering factors. These results were later 
used as the basis for developing the weighted linear 
susceptibility model  2006).  

 
Landslide triggering threshold value 
Due to the low density of the rainfall gauge network in 
Slovenia (one rainfall gauge per 460 km2) and the 
associated uncertainty, the rainfall threshold values (RT1) 
are defined using the non-parametric statistical method 
Chi-  (Tab. 2). In this 
order, we separately cross-analysed the occurrence of 
landslides within each individual class derived from the 
spatial cross-analysis of the lithologic units and the classes 
of maximum 24-hour rainfall. Maximum daily rainfall 
greater than 90 mm was found to be critical for landslide 
occurrence, particularly in loose soils and in less resistant 
rocks (e.g., Quaternary, Tertiary, Triassic, and Permo-
Carbonian rocks). According to previous analyses (Jemec 
and Komac, 2013; Jemec et al., 2018; Rosi et al., 2016), the 
rainfall thresholds have been corrected by experts so that 
some lithological units have lower rainfall thresholds 
(RT2), as shown by the statistics (Tab. 2). This is due in 
particular to the large number of landslides in the last 10 
years (annual technical reports and bulletins, ACPDR), 
which are not registered in the landslide database because 
they could not be precisely located. 
 
 
Rainfall forecast data 
Rainfall forecast data is the only dynamic input of the 
dynamic forecast modelling module. The MASPREM 
system uses two types of rainfall forecast models provided 
by the Slovenian Environment Agency.  

(1) the regional ALADIN/SI model for Slovenia 
predicts the state of the atmosphere over the territory of 
Slovenia up to 72 hours in advance (Pristov et al. 2012). The 
model simulates precipitation (kg/m2), snowfall, water in 
snowpack, and air temperature data. ALADIN/SI is a grid 
point model (439×2421×43), where the horizontal distance 
between grid points is 4.4 km and it run on a 6-hour 
cycling mode for the next 54 hour.  

(2) The INCA/SI (Integrated Nowcasting through 
Comprehensive Analysis) model represent very short-term 
or real-time weather forecasts at high spatial and temporal 
resolution. The INCA model for approximating 
atmospheric conditions uses the spatial fields of 
meteorological variables of a numerical meteorological 
model (ALADIN) and interpolation methods to compute 
3-dimensional high-resolution physical consistency 
analysis (spatial resolution: 1 km).  For that it includes a 
wide range of different measurements (data from 
conventional and automatic meteorological stations, radar 
and satellite data and other available data outside the 
national meteorological network) (Šajn Slak et al. 2012).  
 
 

Table 1 Landslide triggering rainfall threshold values for 
litostratigraphic units (RT1-statistical defined; RT2-corrected in 
accordance to annual landslide reports). Critical 24-h rainfall 
intensities are presented only for litostratigraphic units for which 
the number of observed landslides were statistically higher than 
the number of expected landslides. 

Lithostratigraphic unit RT1 (mm) RT2 (mm) 
predominantly clay soils - - 
marsh and lake sediments (clay, silt, 
peat) 

- - 

alluvium, fluvial loose sediments in 
terraces 

- - 

clayey – diluvial, proluvial 90 - 120 70 - 90 
gravely with a clayey component 150 - 180 150 - 180 
gravely (predominantly thick fraction), 
moraines 

210 - 240 210 - 240 

clayey 90 - 120 70 - 90 
alternation of fine and coarse grain 
soils 

90 - 120 70 - 90 

pebbly 90 - 120 70 - 90 
mine tailings – gangues 120 - 150 120 - 150 
clayey, marly rocks 90 - 120 70 - 90 
clayey, marly and limestone 90 -120 90 -120 
alternation of different materials (marl, 
sand, sandstone, conglomerate pebble, 
clay) 

90 - 120 70 - 90 

conglomerate 90 - 120 90 - 120 
(slaty) claystones with inclusion of 
other rocks 

120 - 150 120 - 150 

marl and sandstone (flysch) with 
inclusions of other rocks 

210 - 240 150 - 180 

sandstones and conglomerates with 
inclusions of other rocks 

120-150 120 - 150 

stratified and cliff limestones - - 
flat limestones - - 
limestones and dolomites - - 
dolomites - - 
limestones with marls 90 - 120 90 - 120 
limestones with inclusions of other 
rocks 

210 - 240 210 - 240 

limestone conglomerates and breccia 120 - 150 120 - 150 
phyllites, schists and slate 180 - 210 180 - 210 
amphibolite and gneiss 120 - 150 120 - 150 
diabase and other magmatic rocks with 
tuff 

120 - 150 120 - 150 

amphibolites, serpentinites, 
diaphthorites 

120 - 150 120 - 150 

tonalite, dacite, granodiorite - - 

 
 
Results  

Landslide forecast models 
Currently, the MASPREM system calculates five different 
landslide models in parallel. They differ in the 
combination of LSM, forecast models (ALADIN, INCA) 
and threshold values (RT1, RT2), as follows:  
- Model 1: LSM + ALADIN forecast + RT1  
- Model   2:   LSM   +   2-day   ALADIN   antecedent 

rainfall + ALADIN forecast + RT1  
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- Model   3:   LSM   +   2-day   ALADIN   antecedent 
rainfall + ALADIN forecast + RT2 

- Model 4: LSM + 2-day INCA antecedent rainfall + 
ALADIN forecast + RT1 

- Model 5: LSM + 2-day INCA antecedent rainfall + 
ALADIN forecast + RT2. 

In order to achieve the higher reliability of the models, we 
regularly perform an evaluation and validation of the 
results. The validation of the results is based on a visual 
comparison of the landslide database (provided by e-Plaz) 
and the system’s calculations of the probability of 
landslide occurrence for each day (Jordanova et al. 2019).  

However, we must take into account that there are 
also limitations related to the input data that should not 
be neglected: the spatial resolution of the ALADIN model, 
the incomplete landslide inventory that is important for 
the validation, the definition of how many days of 
antecedent rainfall significantly affect the occurrence of 
landslides, the characteristics of the lithological units by 
water contents ( Jemec  et al. 
2017).  

 
Web-application e-Plaz 
Since 1998, GeoZS has been developing a landslide 
database that contains data from various archives and 
inventories. With the development of new methods for 

rockfall susceptibility, the need 
for faster and more accurate updating of the database has 
increased. In order to ensure uniform (and standardized) 
collection of new data on landslide occurrence for the 
entire Slovenian territory, GeoZS created the Landslide 
and Erosion Inventory Sheet in 2015. The selection of data 
contained in it corresponds directly to the scheme used in 
the e-Plaz web application.  

The main functions of the e-Plaz web application are 
to view, add and edit events, and attach additional 
documentation. These functions are defined by different 
views and controllers using the MVC model (Kumelj & 
Šinigoj 2017). The data model of the e-Plaz application 
combines several sets of objects of the same type: (a) basic 
information about the event - location, type; b) damaged 
and/or endangered parcels and objects; c) mitigation 
measures taken; d) additional documentation - reports, 
photos) describing the landslide based on its individual 
properties (attributes). Wherever possible, spatial data can 
be captured using a map and attributes can be described 
using predefined or categorized values, such as the 
categorisation of land use prescribed by the Ministry of 
Environment and Spatial Planning, and the Surveying and 
Mapping Agency of the Republic of Slovenia. 

Standardized recording of landslide phenomena can 
make an important contribution to the quality and 
reliability of data on such events. At the same time, it 
enables spatial and temporal tracking of landslides, has a 
significant impact on verifying the reliability of the 
methodology for their assessment, and generally 
contributes to their understanding.  

e-Plaz is available to stakeholders at national, 
regional (ACPDR branches), and municipal levels. GeoZS 
monitor the data input and use of the application itself 
and, together with ACPDR and the Ministry of 
Environment and Spatial Planning, ensures its long-term 
continuity. 
The printout of the e-Plaz web application does not reflect 
the actual status of the occurrence of slope mass 
movements in Slovenia, but only the status of the collected 
events until the end of October 2021. Therefore, the 
printouts show only the data entered by registered users. 
By the end of October 2021, a total of 477 landslides for the 
period 1996-2021, covering 56 Slovenian municipalities, 
were entered into the e-Plaz web application (Fig. 2). A 
total of 225 users were registered, including 180 users from 
132 out of 212 municipalities, 17 users from 11 out of 13 
branches of the Protection and Rescue Administration of 
the Republic of Slovenia, and 28 users from 5 national 
organizations. 
 
First local early warning system 
In addition to the national landslide forecast system, we 
have developed the first local early warning system (EWS) 
specifically for landslide-prone area in the hinterland of 
the settlement of Koroška Bela (Karavanke mountain, NW 
Slovenia) (Peternel et al., 2022). The EWS is based on 
threshold values determined from analyses of real-time 
monitoring data (geotechnical, hydrometeorological and 
geodetic sensors) and reconstruction of past events.  

For the GeoZS emergency service and stakeholders 
(civil protection, municipality, etc.), we have set up 
customised web dashboard that allow access to all real-
time monitoring sensors (Zupan et al. 2022). In the future, 
we plan to upgrade the local warning system with emails 
notifications sent to registered users when determined 
threshold values will be exceeded. 

 
End-users  
The end users of the MASPREM system are: 
- GeoZS Emergency Services provides early warnings in 

the case of increased hazard of landslides; 
- Administration of the Republic of Slovenia for Civil 

Protection and Disaster Relief which carries out the 
management, preparation and operation of the 
system for protection against natural and other 
disasters in Slovenia; 

- Ministry of the Environment and Spatial Planning 
which provides funding for the research and expert 
bases for the identification of landslide hazard areas.  

End users also include municipalities and civil protection, 
which are actively involved in landslide data acquisition 
and collection using of landslide central landslide database 
e-Plaz, as well as experts dealing with landslides and 
landslide-related issues, such as contractors, foresters, etc. 
For the future, we plan to strengthen cooperation also with 
national infrastructure authorities.  
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Figure 2 Locations of landslides collected in the e-Plaz web application till end of October 2021. 

 
 

Conclusions 

According to the landslide database of Geological Surveys 
of Europa, 7,273 landslides have been recorded in Slovenia. 
Thus, the calculated landslide density is 0.4 
landslides/km2 or 1 landslide per 2,5 km2 (Herrera et al., 
2018). The triggering mechanisms for landslide occurrence 
in Slovenia are mainly related to intense precipitation. Due 
to climate change, the frequency and intensity of 
precipitation events is expected to increase, and thus the 
occurrence of landslides in 
2021).  

Therefore, an operational landslide forecasting 
system is essential to reduce the impact of landslide 
activity. In Slovenia, the MASPREM system and its web-
application e-Plaz have proven valuable and the GeoZS 
service regularly uses it to inform the relevant authorities 
of an increased probability of landslide occurrences due to 
exceeding the rainfall thresholds values. Despite the fact 
that the system is operational, it is still being constantly 
validated and improved.  
In 2021, the system MASPREM received the Bronze Award 
for Regional Innovation from the Chamber of Commerce 
and Industry of Slovenia. 
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Abstract This paper presents the harmonized approach 
for landslide susceptibility and hazard assessment at the 
cross-border region between North Macedonia, Albania, 
and Greece. The European ELsusv2 initiative is selected 
as a harmonized approach for regional landslide 
susceptibility mapping for the area study. An analytical 
relationship is used to assess the permanent slope 
displacement for different earthquake scenarios. The final 
product of the landslide hazard zonation is presented by 
GIS maps showing the expected permanent 
displacements for pre-defined earthquake scenarios. The 
presented approach for the cross-border region is a 
simple tool used to recognize the hazardous areas, where 
only limited geomorphological, geological and 
seismological datasets exist. The presented research was 
performed in the framework of the project named CRISIS 
(“Comprehensive RISk assessment of basic services and 
transport InfraStructure”) supported by the Union Civil 
Protection Mechanism. The landslide hazard maps will 
contribute to the definition of the risk for critical 
infrastructure at regional scale due to landslide triggering 
in the project. Overall, the CRISIS project and the 
landslide hazard zonation provided for the cross-border 
region will contribute towards better long-term risk 
mitigation strategies in each of the countries involved in 
the study. 
 
Keywords landslide hazard assessment, earthquake, 
permanent displacements, cross-border region, civil 
protection. 
 
 
Introduction 

The primary requirement in predicting future landslides 
is a well-documented landslide inventory of the studied 
area including the mapping of past and recent slope 
movements, together with the identification and 
mapping of the predisposing factors of slope instability 
(Corominas et al., 2014, Van Westen et al. 2008). For the 

purpose of mapping the landslide hazard in a certain 
cross border region, unified harmonized approach needs 
to be adopted which will characterize the hazard in 
equivalent approach. This paper is summarizing at first 
the current level of landslide research in the three object 
countries, North Macedonia, Albania and Greece and 
second the selected harmonized approach for mapping of 
the earthquake-induced landslide hazard in the cross-
border region. The research is performed in the project 
CRISIS project which aims at improving the disaster and 
emergency management through building a harmonized 
and efficient system for risk assessment of basic services 
and transport infrastructure in the cross-border region 
between North Macedonia, Albania and Greece 
(http://www.crisis-project.org/ ). 

The main project activities include: 
1. Cross-border multi hazard assessment 

(earthquakes and landslides) 
2. Needs assessment 
3. Crossborder multi-risk assessment 
4. Development of cross-border web base platform 

for risk assessment and management 
 
National perspective of landslide hazard in the three 
object countries 

North Macedonia 
Republic of N. Macedonia (25,713 km2) is a mountainous 
country where 2% of the territory is covered by water 
(lakes), 19% are plains and valleys, and the greatest part 
of 79% are hills and mountains. Because of frequent 
changes of mountains and deep valleys, mean slope of the 
terrain in the country is very high, 15.2°, with 39.5% of the 
area steeper than 15° (Milevski, 2018). 

Landslides are one of such threats which very often 
occur in North Macedonia, especially during the rainfall, 
fast snowmelt or earthquake shaking. For instance, 
several landslides were activated recently with road and 
canal construction in susceptible terrain, or by building 
major structures on steep terrain.  
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In N. Macedonia no official landslide hazard map at 
national level is currently available. Only landslide 
inventories provided by the Crisis management Center 
and several research efforts for selected locations across 
the country are available. Tab. 1 summarize the available 
references regarding landslide hazard and risk definition 
in N. Macedonia.  

 
Albania 
Republic of Albania (28,748 km2) is mostly a 
mountainous country, where around 75% of its territory 
are hills and mountains. Because of the diversity of the 
terrain, the slope of the high terrain varies from 150-400 
(GSA, 2015).  

Geodynamic phenomena of slope instability, 
especially landslides, are largely encountered in the 
Albanian territory (GSA, 2015). The study and mapping of 
this phenomenon began in 1950, due to the need for 
works relating to the construction of roads, hydroelectric 
plants, etc. The studies, before the 90s, were conducted 
by the Geology and Geodesy Body and by the Albanian 
Geological Survey (GSA) in the following period. In 2010 
GSA undertook a project aimed at compiling the 
Landslide Inventory and Landslide Susceptibility Map at 
1:50 000 for each of the 12 main administrative units 
(Qark) of Albania (GSA, 2015). The results were collected 
for the entire Albanian territory in a global GIS based 
Map at 1: 200,000 scale. 

 
Greece 
Sabatakakis et al. (2013) presented a preliminary national-
scale assessment of the landslide susceptibility in Greece 
using a landslide inventory derived from historical 
archives. More specifically, a large number of technical 
reports and studies including landslide occurrences, 
mainly obtained from KEDE (Central Union Of 
Municipalities Of Greece) and IGME (The Institute of 
Geology and Mineral Exploration), were analyzed, and 
after the appropriate modifications, mainly to 
standardize the terminology, 1635 well-documented 
landslide cases covering a long time period (up to 2010) 
were collected, recorded and digitally stored. The 
inventory mainly included earth slides (rotational and 
translational) having consequences on the reliability of 
susceptibility assessments.  

In national-scale planning, according to Sabatakakis 
et al. (2013) the geological formations of Greece were 
grouped into seven engineering geological units based 
mainly on their origin and relevant age. The presence of 
the tectonically highly sheared and weathered geological 
formations of the alpine basement as well as of the 
neogene sediments contributed to the periodically 
induced instability phenomena mainly triggered by heavy 
rainfalls and human activity (e.g., high cut slopes etc.).  

A few research efforts were carried out for landslide 
susceptibility zonation at selected locations across the 
Greece cross-border region, such as Kalantzi et al. (2010), 
Ambas et al. (2016) and Kyriou & Nikolakopoulos (2020). 

However, no official landslide hazard map at national 
level is currently available in Greece.   
 
Table 1 Available studies in N. Macedonia dealing landslides.  

Reference Type of data Availability 
in GIS 

Level 

CMC database 
2015-2020 

Landslide 
inventory 

GIS  National level 

Peshevski, I. 
(2015). 

Landslide 
inventory 

GIS National level 

Milevski, I., & 

(2019). 

Landslide 
susceptibility 

GIS  National level 

Bojadjieva et 
al., (2018) 

Earthquake-
induced 
landslide, 
hazard and risk 

GIS Suburban 
part of 
Skopje, local 
level 

Sheshov, 
Talaganov 
(1998) 

Susceptibility to 
landslide and 
liquefaction 

Scan, TIFF National level 

Peshevski et 
al. (2019) 

Landslide 
susceptibility 

GIS Polog region, 
regional level 

https://interreg
.eu/programme
/interreg-ipa-
cbc-bulgaria-
former-
yugoslav-
republic-of-
macedonia/ 

Landslide 
susceptibility 

GIS Pehcevo (N. 
Macedonia), 
Simitli 
(Bulgaria), 
regional level 

 
Mapping the landslide susceptibility at the Cross-
Border region  
The main prerequisite for any kind of landslide 
susceptibility assessment is information on spatial 
occurrence of landslide events, even if incomplete. 
Although many European countries regional or national 
landslide inventories or maps have available with 
different degrees of completeness, the attempt has been 
overtaken to gather basic spatial information on 
landslides over European territory and the project is 
known as ELSUS1000 (Günther et al. 2014) and ELSUSv2 
(Wilde et al. 2018). It is important to note that ELSUS is 
known for its small scale (is to be viewed at scales up to 
1:200,000), landslide susceptibility assessment project 
over a large area (i.e. at continental scale) which mainly 
suffers from high generalization, low resolution of spatial 
input data and incomplete inventory of landslides. 

Despite the mentioned limitations, the map shows a 
harmonized overview of European landslide susceptibility 
even if at 1: 5 Mil. scale. It therefore provides a synoptic 
zoning of the susceptibility to landslides by the cell size 
of 200×200 m. This map shows harmonized digital 
information on the distribution of consolidated, partially 
consolidated and unconsolidated geological materials on 
the European territory. The database for the ELSUSv2 
susceptibility maps is free access and can be easily 
download by request on the following website: 
https://esdac.jrc.ec.europa.eu/content/european-
landslide-susceptibility-map-elsus-v2 
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Based on thorough review on national perspective 
and available data in the three countries from the Cross 
Border Region, N. Macedonia, Albania and Greece as well 
as available European research projects regarding 
landslide hazards, it can be concluded that the ELSUS 
approach is the most suitable methodology for 
harmonized landslide susceptibility and hazard 
assessment in the cross-border region.  

The landslide susceptibility map of the cross-border 
region of Greece, North Macedonia and Albania is 
presented based on the Pan-European Landslide 
Susceptibility Map version 2 (ELSUS v2, Wilde et al. 2018) 
(Fig. 1).  The methodological approach for the 
elaboration, validation and classification of ELSUSV2 is 
the same as the previous version called ELSUS 1000 
reported in Günther et al. (2014).  More specifically, a 
semi-quantitative method is used, combining landslide 
frequency ratios information with a spatial multi-criteria 
evaluation model of three thematic predictors: slope 
angle, shallow subsurface lithology and land cover. The 
terrain gradient was calculated using the slope algorithm 
of Horn (1981) and classified into eight classes. The IHME 
1500 lithology information was grouped into 19 classes 
considering landslide density information, class sizes and 
distributions, and semantic compatibility. The land cover 
information derived from the global GlobCover data set 
(ESA, 2010).  

Fig. 2, and 3 illustrate the adopted terrain gradient 
and lithology maps for the cross-border region of Greece, 
North Macedonia and Albania according to ELSUS v2 
methodology. Fig. 4 shows confidence (or reliability) 
levels of the classified landslide susceptibility according 
to ELSUS v2 for the cross-border region calculated either 
statistically or by expert evaluation. A moderate 
confidence level is considered for the whole Albania 
cross-border region and the larger part of Greece cross-
border region while no information is provided for the N. 
Macedonia cross-border region. 

 

 
Figure 1 Landslide susceptibility map of the cross-border region 
of Greece, North Macedonia and Albania (where landslide 
susceptibility 1 = very low; 2 = low; 3 = moderate; 4 = high; 5 = 
very high) adopted from ELSUS v2 (Wilde et al. 2018). 

 
Figure 2 Terrain gradient of the cross-border region of Greece, 
North Macedonia and Albania according to ELSUS v2 (Wilde et 
al. 2018). 
 

 
Figure 3 Lithology of the cross-border region of Greece, North 
Macedonia and Albania according to ELSUS v2 (Wilde et al. 
2018). 
 

 

Figure 4 Confidence level of the cross-border region of Greece, 
North Macedonia and Albania according to ELSUS v2 (Wilde et 
al. 2018). 
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Earthquake-induced landslide hazard assessment for 
the cross-border region  

For the purpose of the CRISIS project, based on its scope 
and objectives, the seismic events as a triggering to cause 
landslides are taken into consideration. Indeed, landslide 
hazard maps are computed in terms of permanent 
displacements caused by different earthquake scenarios. 
The ground shaking caused by earthquakes can induce 
landslides either through the application of horizontal 
and vertical accelerations to the sliding mass along a 
hillside slope. The value of the peak ground acceleration 
within the slide mass required to just cause the factor of 
safety to drop to 1.0 is denoted by the critical or yield 
acceleration ac. This value of acceleration is commonly 
determined based on pseudo-static slope stability 
analyses and/or empirically based on observations of 
slope behaviour during past earthquakes. Starting from 
the pioneer study of Newmark (Newmark, 1965), several 
empirical models are currently available to predict 
seismically induced displacements of sliding masses, such 
as the ones of Jibson (2007), Rathje and Antonakos (2011) 
and Bray and Travasarou (2007). Downslope 
deformations occur during the time periods when the 
induced peak ground acceleration within the slide mass 
exceeds the critical acceleration ac. Such methods are 
based on the sliding rigid block assumption providing an 
index of the dynamic slope performance. Fotopoulou and 
Pitilakis (2015), on the other hand, proposed analytical 
predictive relationships for seismically induced slope 
displacements based on advanced numerical simulations 
and statistical analysis. 

Tab. 2 presents the assigned critical acceleration 
values as a function of landslide susceptibility based on 
ELSUS2. The adopted ac values, based on engineering 
judgement, are in line with the ones proposed in Hazus 
methodology for landslide hazard evaluation (NIBS, 2004; 
Pitilakis et al. 2009). Fig. 5 presents the critical 
acceleration map for the cross-border region (CBR). 

 
Table 2 Critical acceleration values as a function of landslide 
susceptibility based on ELSUSv2. 

Susceptibility (ELSUSv2) Critical acc. ac [g] 
Very low (1) 0.40 
Low (2) 0.30 
Medium (3) 0.20 
High (4) 0.15 
Very high (5) 0.10 

 
To assess the permanent slope displacement for the 

different earthquake scenarios, the following analytical 
relationship proposed by Fotopoulou & Pitilakis (2015) is 
used: 

 ln( ) = 2.965 + 20127 ln( ) 6.583+ 0.535 ±  
where: 

 PGA is the peak ground acceleration at the 
ground surface in g. 

 ky is the yield or critical acceleration ratio in g. 
 M is the magnitude of the earthquake. 
 is the standard normal variant with zero mean 

and unit standard deviation 
 

 
Figure 5 Critical acceleration map as a function of landslide 
susceptibility for CBR. 

 
As previously mentioned, two seismic scenarios are 

defined with return periods equal to 475 years and 975 
years based on the available European seismic hazard 
model, named ESHM13 (Giardini et al., 2014). Tab. 3 
presents the earthquake magnitudes assumed for each 
considered seismic scenario. 
 

Table 3 Selected magnitude value for the predefined earthquake 
scenarios. 

Earthquake Scenario Selected magnitude value M 
Return period 475 years 
(ESHM13) 

6 

Return period 975 years 
(ESHM13) 

7 

 
In order to account for litho-stratigraphic 

amplification, a simplified approach based on the use of 
the global V3o map proposed by USGS 
(https://earthquake.usgs.gov/data/vs30/) is used in order 
to categorize the ground type based on Eurocode (2003; 
hereinafter EC8). (Fig. 6 and Tab. 4). Based on the 
ESHM13 hazard maps for 475 and 975 years and the soil 
amplification factors, the PGA surface maps for both 
return periods are created. 

 
Table 4 Definition of surface PGA based on Ec8 Spectrum type 1 

Ground type Soil amplification factor  
(EC8) 

A (Vs30>800) 1 
B(360<Vs30<800) 1.2 
C (180<Vs30<360) 1.15 
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Figure 6 Vs30 map based on USGS for the CBR. 
 

 
Figure 7 Spatial distribution of permanent ground displacement 
due to landslide (PGD) at the free surface for the CBR region for 
the seismic scenario of 475 years. 
 

 
Figure 8 Spatial distribution of permanent ground displacement  
due to landslide (PGD) at the free surface of the terrain for the 
CBR region for the seismic scenario of 975 years. 

 

The final product of the landslide hazard zonation is 
presented by digital maps of expected permanent 
displacements for the pre-defined earthquake scenarios 
(Fig. 7 and Fig. 8). The values represent displacements 
expected at the free surface of the terrain. The presented 
maps for the cross-border region represent a simple map 
which can be used to identify the hazardous areas. It 
should be pointed out that the outcome from this study 
can be a good starting point for fostering in-depth 
analysis based on more detailed input datasets, which are 
progressively developed in the communities dealing with 
landslide hazard.  

 
Conclusions 

In order to assess the landslide hazard at the cross-border 
region between N. Macedonia, Albania and Greece, a 
thorough review of the current national perspective in 
the three countries and a review of the available 
European initiatives dealing landslides hazard assessment 
were undertaken. 

Based on the findings of the review, the ELSUSv2 
was selected as harmonized approach for regional 
landslide susceptibility mapping at the cross-border 
region under investigation in this study.  Based on the 
susceptibility map, the following observations can be 
made: 
- Up to 65% of the territory of the cross-border region 

falls within high and very high susceptibility to 
landslides, which is due to the fact that the larger 
portion of the territory is mountainous region.  

- A moderate confidence (or reliability) level is 
considered for the whole Albanian part of the cross-
border region and the larger part of Greece cross-
border region while no information are available for 
the N. Macedonia cross-border region. 
To produce earthquake-induced landslide hazard 

zonation for the cross-border region, critical acceleration 
values are assigned to each category of landslide 
identified in the susceptibility maps. The suggested 
values based on engineering judgement are in line with 
the ones proposed in Hazus methodology for landslide 
hazard evaluation (NIBS, 2004; Pitilakis et al. 2009). 
Further on, to assess the permanent slope displacement 
for the different earthquake scenarios, analytical 
relationship proposed by Fotopoulou & Pitilakis (2015) is 
used.  

The final product of the landslide hazard zonation is 
presented by digital maps of expected permanent 
displacements for the pre-defined earthquake scenarios 
for 475 and 975 return period, respectively. Based on the 
created maps for 475 years return period permanent 
displacements are expected to be in the range up to 20 
cm for some parts in eastern Albania and the southern 
part of cross border region between Albania and Greece. 
On the other hand, for 975 years return period, expected 
permanent displacements reach 60 cm with variation of 
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the values across the whole territory of the cross-border 
region.  

The presented approach for the cross-border region 
is a simple tool which can be adopted to identify the 
hazardous areas, where only limited geomorphological, 
geological and seismological datasets are available. The 
computed maps will be used in the CRISIS project as 
standalone product and also as input for risk assessment 
of critical infrastructures at regional scale. It is worth 
remarking that such maps can be adopted as starting 
point for fostering in-depth analysis based on more 
detailed input datasets, which are progressively under 
development in the communities dealing with landslide 
hazard.  
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Abstract Landslides are one of the most often natural 
disasters that have an extensive impact on society 
including loss of life, destruction of infrastructure and 
properties, damage to land and loss of natural resources. 
Landslide losses can significantly vary and they depend on 
a variety of different criteria such as the size and type of 
landslide, lithological setting of terrain, the terrain slope 
gradient, the quality of materials used for construction, 
and the construction typology. Damage from landslides is 
usually characterized as either direct or indirect and in 
most questionnaires only the data referring to the direct 
damage is collected. In this paper, a landslide damage 
questionnaire that can be used for landslide damage 
characterization and determination of landslide hazard 
and risk in urban areas is proposed. The questionnaire 
contains 11 groups of questions that include all necessary 
fields for gathering the data which is essential for both 
landslide hazard and risk estimation. It was used as an 
inventory landslide damage form in suburban housings 
which usually occupy larger land plots, while objects built 
on such plots are mostly houses for an individual living or 
ancillary type. 
 
Keywords survey, property, landslide, risk, assessment 
 
 
Introduction 

A landslide damage questionnaire is a crucial tool for 
landslide risk management. Cooper (2008) provided an 
overview of various distinct methodologies for mapping 
facilities damaged by landslides and subsidence, as well as 
a recommendation for a new hybrid version of the 
methodology. Corominas et al. (2014) suggest general 
guidelines for designing a landslide damage questionnaire 
based on the size area of the research. In contrast, 
Palmisano et al. (2016) provide a more extensive 
description of the methodology for landslide damage 
assessment using the survey approach (2016). Finally, in 
Uzielli et al. (2008) and Peduto et al. (2017) successful 
examples of landslide damage assessment are provided. 

There is no official form (census sheet or 
questionnaire) for the Republic of Serbia that can be used 
to quickly and precisely identify landslide-damaged 
objects (with damage classification and assessment). This 

issue is relevant in Serbia and in international practice, in 
contrast to the earthquake damage assessment (EMS98), 
which is very well established and recognized 
internationally (Cooper, 2008). 
For example, after the extreme precipitation, which was 
followed by catastrophic floods that occurred in Serbia in 
May 2014, the Unique Methodology for the Assessment of 
Losses from Natural Disasters (Official Gazette of SFRY no. 
27 of 10 April 1987) was used by the official expert teams 
for the flood damage assessment. According to this 
methodology, all buildings and facilities, regardless of 
their purpose, are classified into five categories of damage, 
which are the consequences of earthquakes. Therefore, 
amendments to the same methodology were made for the 
2014 flood damage assessment, while landslide damage 
was not defined, although a large number of objects and 
facilities were affected by the landslide processes that 
occurred during and after the flood events 
al. 2017). 
 
Materials and Methods 

Case study 
Umka landslide area is selected for testing the landslide 
damage questionnaire, as a typical example of landslide in 
suburban areas. Umka landslide is the most systematically 
investigated and largest populated landslide in Serbia. 
Umka landslide mechanism was defined by Abolmasov et 
al. (2012), Abolmasov et al. (2015),  while most details about 
the Umka landslide were described in  et al. (2018) 

 (2020).  
Although the landslide is well-known and 

occasionally mentioned in public and mass media, certain 
population migration in that area is still evident. Besides 
constant landslide movement, some new objects with 
permanent residents are still being built, even within the 
most active and most affected part of the landslide. This is 
probably caused by significantly lower market prices of 
households and plots in this area. The last inventorying 
and damage classification on objects was performed 
during 1990, when a map and a brief report of the damaged 
objects (with the type of foundation, walls, and category of 
an object) was created 1992, 1995). During 
that investigation, the local water system was mapped and 
the population was evaluated using the most recent census 
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data. Even though the last inventorying was performed 30 
years ago, the vulnerability of the population is present, as 
a consequence of unplanned and illegal construction 
works during and after 2005, when all construction works 
have been officially forbidden (for the most active parts of 
the landslide). Furthermore, previous inventorying didn’t 
include the information about households, working 
population and life habits which are necessary data for the 
risk estimation. Given the foregoing, there was a need for 
a proposal of the new questionnaire and survey methods 
that should result with the updated inventory of all objects 
within the landslide area. 

Questionnaire 
According to Palmisano et al. (2016), the main objectives 
and guidelines for landslide damage assessment are to 
quickly acquire the relevant information that can be used 
for landslide hazard assessment, especially if they are 
collected in combination with the geotechnical 
monitoring data and according to geodynamical and 
morphological settings of the terrain; to form the database 
that will be used for the landslide risk assessment. The 
guidelines mentioned above were essential for forming the 
questionnaire proposal and included a survey research 
method and data about constructions and their damage 
assessments collected directly on the field. 

The proposal of a new questionnaire was based on 
the fact that most objects will be inspected visually by 
noticing the damage that has occurred on small individual 
houses, cottages, ancillary objects etc. The data collected 
for the Umka landslide had to be sufficient for the level of 
advanced landslide risk assessment proposed by Fell et al. 
(2008), and for both direct and indirect losses The 
Highway Institute - Belgrade's questionnaire from 1990 

 as a basis for the 
development of the questionnaire proposal that consists of 
11 main question groups. Tables 1 & 2 show an example of 
a blank questionnaire proposal, while brief description of 
each question group is described in the following lines. 
The groups of questions were as follows: 

1. General information about the object / facility  
2. Information about the construction 
3. Damage to the construction 
4. Information about the foundation 
5. Information about household members 
6. Damage assessment (brief estimation) 
7. Emergency and temporary interventions 
8. Possibility of damage repair 
9. Information about water supply, sewage, surface 

and groundwater at location 
10. Object or facility damage sketch 
11. Other observations 

General information about the object / facility 
This group of questions contains the basic information 
about the surveyed object like owner or tenant, address of 
the object, cadastral parcel, year of the construction, 
estimated lifespan, object coordinates, etc. If the object 
was extended or modified, here it should be noted. 

According to our practice, owners usually report a smaller 
useful surface than it is in reality if the object is illegally 
constructed or extended. Considering that fact, the 
approximate useful surface should be estimated by the 
surveyor. For estimating the value of the property, the last 
known tax record for the property can be noted here (if it 
is shared with the surveyor by the owner). It is very 
important for the surveyor to adequately categorize the 
object by its main purpose which can be of various 
typological types (Fig. 1). Information about storeys and 
number of vehicles that are used by the household should 
be noticed as well. The questionnaire design proposal for 
this group of question is shown in section 1 of Table 1. 

 

    
Fig. 1 Typology of most common types of objects by the 
purpose: residential house or cottage, garage, commercial, 
greenhouse and barn 

Information about construction 
Questions and predefined answers about the object 
construction (above ground) are shown in section 2 of 
Table 1. If the object was built using the different types of 
materials or construction types, the most dominant should 
be used as primary selection. Besides construction 
typology, it was important to include questions about roof 
geometry and dominant wall material. Some examples of 
typological selections that are proposed within this group 
of questions are shown in Fig. 2. 
 

     
Most common typology of object construction:  

load bearing walls; masonry; timber framing; steel framing; RC 

   

 

Most common typology of object roof type:  
flat; inclined; curved; unfinished/plate; without roof 

    

Most common typology of dominant wall material: masonry 
brick; hollow clay block; wood; masonry stone; cane/mud 

Fig. 2 Typology of most common types of object construction, 
roof type and dominant wall material 

Damage to the construction 
For the objects damage classification purposes, it is 
generally recommended to use the EMS-98 earthquake 
damage classification and descriptions as the basis for the 
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landslide damage assessment (Grünthal 1998). The scale 
can be modified for the landslide damage assessment 
(Palmisano et al. 2016). If historical damage assessment 
databases or records of finished surveys exist for the 
research area, it is very important to provide local 
classification within the questionnaire and to classify all 
objects by damage again during the new survey (for the 
comparison). Some examples of typological selections 
within this group of questions are shown in Table 1 - 
Section 3a & 3b and Fig. 3. 
 

     
Fig. 3 Typology of most common object damage classification: 
negligible; negligible to slight; moderate; prone to collapse; 
destructed 

Information about the foundation 
Information about the object foundations can be divided 
into two sections - the one defining the type of foundation 
and the other defining the foundation material. In the case 
of mixed types of foundation or materials, the most 
dominant should be evidenced. Questions about 
foundation depths and foot width can be included here, 
but this is very hard to estimate precisely in most cases. 
The foundations material is mostly the same or similar to 
the one for dominant wall material. Some examples of 
proposed typological selections within this group of 
questions are shown in Table 1 - Section 4 and Fig. 4. 
 

   
 

Fig. 4 Typology of the most common types of foundations: 
strip footing; spread footing; mat (raft); piles 

 

Information about household members 
This group of questions represents the most basic 
population census data. For the possibility of basic 
landslide risk assessment, it is necessary to collect the data 
about the number of household members, employment 
rate, number of minors or incapable of work etc. All 
collected data should be anonymous. Question examples 
within this group of questions are shown in Table 1 - 
Section 5.  

Damage assessment (brief estimation) 
Within this section, several questions about brief damage 
assessment are proposed. It is important to distinguish 
whether the damage assessment is documented by the 
official authorities’ documentation or is it estimated 
relatively by the surveyor. Estimated direct damage should 
be the damage to the object caused by the landslide 
movement. Indirect damage should be expressed as the 

value amount that the owner or household members 
should spend annually to fix the damage so the object 
remains functional. Question examples proposed within 
this group of questions are shown in Table 1 - Section 6. 
 

Emergency and temporary interventions 
The surveyor recommendation and expenses needed for 
emergency or temporary interventions on the object or its 
surroundings to reduce the risk to the household members 
or neighbours should be noted. Question examples 
proposed within this group of questions are shown in 
Table 1 - Section 7.  
 

Possibility of damage repair 
The surveyor estimation of the possibility to repair the 
damage, for example, can range from “not needed” to “not 
possible”. Question examples proposed within this group 
of questions are shown in Table 1 - Section 8. 
 

Information about water supply, sewage, surface and 
groundwater at location 
This question group should collect information about the 
object water supply or sewage disposal systems at the 
location and information about the surface waters and 
well conditions. Since the ground and surface waters are 
usually one of the dominant triggering factors for the 
landslide (re)activation, the surveyor should mandatorily 
fill this group of questions. Question examples proposed 
within this group of questions are shown in Table 2 - 
Section 9. 
 

Object or facility damage sketch 
The schemes for sketching the sides of the objects and 
damage that is observed on the field and some typological 
questions about objects and surrounding terrain 
conditions are shown in Table 2 - Section 10. It is 
recommended that “A” side of the object (Fig. 5) should be 
the side that mostly “looks” toward the possible vector of 
landslide movement and all other sides should be labelled 
in a clockwise direction, starting from the “A” side. If the 
object is of irregular shape (has more than four side walls), 
those sides should be sketched from the surveyor point of 
view and considered as one single side with indicating the 
wall break lines (Fig. 5, right). Within this section, data 
about the total object damage should be noted, same as 
subsidence and surrounding terrain deformation if occurs. 
An example of labelling convention and sketched side 
from point of surveyor view of an object is shown in Fig. 5. 
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Table 1. Front page of the proposed landslide damage questionnaire 

 UNIQUE OBJECT ID: 

 
1.GENERAL INFORMATION ABOUT THE OBJECT / FACILITY 
Owner’s name & surname Purpose of the object / facility 

Residential  Greenhouse  
Address Cottage  Barn  

Garage  Shed  
Cadastral parcel  Canopy  Summer kitchen  
Year of construct.  Lifespan est.  Commercial  Temporary   
Building permit Yes  No  Religious  Ancillary / Other  
X coordinate  Useful surface               m2 Last know prop. tax (€) 
Y coordinate  Storeys  
Extension Yes  No  No. of vehicles  

2. INFORMATION ABOUT CONSTRUCTION 
3A DAMAGE TO THE CONSTRUCTION 
CLASSIFIED BY THE HIGHWAY INSTITUTE - BELGRADE   

Load bearing walls  Roof Dominant wall material Demolished  
Masonry  Flat  Masonry Brick  Prone to collapse  
Timber framing  Inclined  Hollow clay block  Moderate   
Steel construction  Curved  Wood  Negligible to slight  
Prefabricated  Concrete plate  Masonry stone  Negligible  
Reinforced (RCC)  Without  Cane / Mud    
4. INFORMATION ABOUT THE FOUNDATION 3B DAMAGE TO THE CONSTRUCTION CLASSIFIED BY UNIQUE METHODOLOGY (SFRY) 

Type of foundation Foundation material V With destruction of construction  
Strip footing  Stone  IV Very heavy damage  
Spread footing  Brick  III Substantial to heavy damage  
Mat (Raft)  Concrete  II Moderate damage  
Piles  Wood  I Negligible to slight  
Unknown  Unknown  Negligible  
5. INFORMATION ABOUT HOUSEHOLD MEMBERS 6. DAMAGE ASSESSMENT (BRIEF ESTIMATION) 

Household members Employment rate (1/3 …) Assessment meth. Relative      Document.       
0   Estimated direct damage (€)  
1  Number of minors Estimated indirect damage (€/yr.)  
2   7. EMERGENCY AND TEMPORARY INTERVENTIONS 
3  No. of work incapable Population displacement and demolition  

   Major construction and earthworks  
Years, dates or periods of significant landslide activity: Additional geotechnical and geological invest.  

Estimated value of interventions (€)  
CONTACT PERSON 8. POSSIBILITY OF DAMAGE REPAIR 
Surname & Name   Not possible  Minor civil works  

Telephone number 
 

Major civil works  
Ordinary 

maintenance  

e-mail address 
 

Moderate civil works  
Repair is not 

needed  

Survey copy Yes  No  
Estimated value of damage repair 
measurements (€) 

 

Data Processing Agreement (signature):  
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Table 2. Back page of the proposed landslide damage questionnaire 

9. INFORMATION ABOUT WATER SUPPLY, SEWAGE, SURFACE AND GROUNDWATER AT LOCATION 
Water supply Local well condition 

 Municipality water system  Active 

 From the local well  Collapsed 

 Do not have water supply  Damaged at  _________m of depth from the surface 

Disposal of household waste and technical water 
X coordinate of well  

Y coordinate of well  

 Municipality sewage system Water level from the surface at survey day _________m 

 Septic tank Surface waters regulated  not regulated  

 
Leaching cesspool or direct infiltration 
into a ground Other observations: 

10. OBJECT OR FACILITY DAMAGE SKETCH 

Plan view of the object 
Using the arrow, indicate the possible sliding 

direction. This arrow also indicate the A side of 
the object. Other sides should be lettered by the 

clockwise order labelling (B,C,D) 
 

Side views of the object 
Approximately sketch the observed damage on main walls or object sides. 

If there is more than four walls, break lines should be sketched too. 

Total damage estimate                                   % 

Inclined toward A        B         C         D Subsidence No  Yes    Subs. est. _____ m 

Terrain deformation No  Scars  Ridges  Inclined trees  Soil cracks   

11.OTHER OBSERVATIONS 

 

Photo (image) file names or numbers:  

Observation date: Surveyor: 

A B 

C D 
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Other observations 
This section represents the blank textual field where 
surveyor should enter all other observations considered as 
important for the specific object. Some of the previous 
selections or entries can be explained here in detail. 
 
 

Discussion and Conclusion 

The main advantage of field surveying is the fact that all 
details about the object condition and damage can be 
noted and evidenced. This is not always possible with the 
other survey methods such as remote sensing for example. 
Another advantage is that the surveyor can discuss with 
the object owner and ask him about some details that 
cannot be assessed only from the side looking at the 
object. For example, an owner can let the surveyor in the 
basement to inspect the condition of beams, footings etc. 
Also, the owner can probably provide the surveyor the 
project documentation (if exists) where other important 
information regarding the material type, foundations 
depths and geometry can be checked and entered into a 
questionnaire.  

The survey should be performed only by qualified 
staff and our general recommendation is that it should be 
done by engineers with a geotechnical background (civil + 
geological). Not all fields need to be filled by the surveyor, 
but some of them that are essential for the landslide 
hazard and risk estimation should be mandatory, such as 
information about the construction, damage estimation, 
and purpose of the object, household members, water & 
sewage and deformation sketch.  

We have proposed a landslide damage questionnaire 
that is calibrated for the large and slow-moving landslides 
that are affecting the suburban areas. On such landslides, 
there is great dispersion of damage intensity across the 
landslide body (from negligible to destruct), while objects 
are mostly for individual living, smaller cottages or 
ancillary type and they are still occupied despite the fact 
the landslide activity. The questionnaire presented in this 
paper is adjusted for the most common typology choices 
that are expected for the mechanism and dynamics of the 
slow moving landslide as a presented case study. For other 
types of landslides (with different velocity, magnitude, 
mechanism and dynamics) and type of objects, 
modifications of the questionnaire is highly encouraged. 
During the preparation of the questionnaire, it was 
important to format it in such manner it can be filled 
quickly and easily, but still comprehensive. Our 
experience from the Umka landslide damage assessment 
showed us that time for filling the questionnaire vary from 
1 - 2 hours per object. 
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Abstract Rockfall is the fastest and the most frequent type 
of landslide affecting the Croatian coastal area, and as such 
represents the threat to infrastructure positioned under 
rock slopes. On the large-scale roadcut sections, it is 
necessary to determine zones that pose a greater risk to 
the infrastructure, i.e., higher protection priority zones. 
The studied road section is located on the south-eastern 
coast of Istrian Penninsula, connecting villages Brsec on 
the south-west and Moscenicka Draga on the north-east. 
The existing road is approximately 8,0 km in length, 
executed mostly by cutting into the existing terrain, with 
the sub-vertical slopes up to 16,0 m high. Rock mass of the 
roadcuts is built out of sedimentary carbonate rocks - 
limestones and dolomites. The wide area belongs to the 
Ucka-Cicarija Onlay, a tectonically very active area in 
geological history, causing many discontinuity systems 
and fault zones resulting in different structural problems 
within roadcuts. To determine the zones of higher 
protection priority, a modified Colorado Rockfall Hazard 
Rating System (CRHRS) was used. Within the project, 66 
zones of the studied road section were distinguished. 
Different slope protection measures were carried out 
according to the recommended priority levels. 

 
Keywords rockfall, roadcut, slope protection, traffic 
accidents, CRHRS classification 
 
 
Introduction  

Intensive tectonics of the wide-area of studied road section 
connecting villages Brsec and Moscenicka Draga, cause 
many different discontinuity systems and fault zones that 
are, along with unfavourable roadcuts, the main cause for 
rockfall. After several rockfall events on the studied road 
section, implementation of the slope protection measures 
was necessary. As rockfall events occurred on separate 
road sections, it was required to determine the zones of 
higher protection priority, which was carried out using the 
modified Colorado Rockfall Hazard Rating System 
(CRHRS). 

The development of Rockfall Hazard Rating Systems 
(RHRS) by state the of Oregon in 1984. has enabled us to 
categorize rock slopes with a proactive and logical way to 
set rockfall project priorities and allocate limited repair 
funds (Pierson 1991) according to the degree of hazard 
present. Traffic infrastructure development and busier 

roads over the years required modification of the original 
classification. Modification of RHRS, developed by Russel 
et al. in 2008 (CRHRS), recognizes several different factors 
that contribute to rockfall: slope profile factor, geological 
factor, climate, and presence of water on the slope, rockfall 
history, and a number of traffic accidents attributed to 
rockfall. 

The sum of the given points from categories for slope, 
climate, and geological conditions summarizes the actual 
rockfall hazard that a slope presents gives the Total 
Hazard Score. Traffic parameters rate the overall risk of a 
vehicle having an accident due to rockfall occurrence. The 
sum of the scores from these parameters gives the Total 
Risk Score. Total Hazard Score and Total Risk Score are 
rated separately, and according to a comparison of overall 
risk to overall hazard, higher priority sections are singled 
out when choosing which slopes to remediate first. 
 
 
Methodology 

Modified Colorado Rockfall Hazard Rating System - CRHRS   
To address the immediate issue of determination of high 
protection priority zones, a modified Colorado Rockfall 
Hazard Rating System (CRHRS) was used. CRHRS was 
developed for three types of rocks - sedimentary rock 
(undercutting and differential erosion tend to control 
rockfall), crystalline rock (the rock mass inhomogeneity 
and fractures tend to control rockfall), block-in-matrix 
materials (colluvium, glacial till, debris flow deposits,  
etc. - an erosion of the matrix material and subsequent 
ravelling of the larger blocks tends to control rockfall). 

CRHRS recognizes several different factors that 
contribute to rockfall (Russel et al. 2008) which are 
described in further subsections.  

 
Slope profile factor 

 slope height - total slope height is measured from the 
road to the highest point of the potential rockfall 
source. If only the cut slope is being rated, the 
maximum height of the cut is considered. 

 slope inclination - the slope angle is divided into four 
categories, ranging from 35° to > 65°. If no rockfall 
hazard is present above the cut face (natural terrain), 
the slope angle is taken from the cut. The 
measurement that poses the higher hazard to the 
roadway, is used to score the slope angle. 
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 slope continuity (launching features) - to determine 
the criteria for launching features is subjective, and 
engineering judgment is needed. Rating is divided 
into four categories: none (relatively smooth slope, 
with little or no topographic variation along the slope 
profile), minor, many, and major (highly irregular 
slope profile with large rock outcrops, or the presence 
of large ridges or benches extending more than 1.8 m 
from the slope surface (Fig. 1)). 

 ditch catchment - ditch shape effectiveness is rated 
based on the slope profile - the more irregular slope 
profile is - the greater chance that the rockfall is 
activated. Ditch catchment is divided into four 
categories: type I (presence of barriers - hexagonal 
mesh with steel ropes, rod and self-drilling anchors, 
or Jersey bumpers), type II (effective hexagonal 
mesh), type III (barriers are local and/or ineffective), 
and type IV (no barriers present). If the irregularity of 
the slope relief extends 1.8 m, the ditch catchment is 
scored type IV. 

 segment length - segments are divided according to 
similar slope characteristics. 

 
Geological factor 

The following described factors apply to sedimentary 
rock masses. 

 degree of undercutting generally dominated by 
differential erosion and weathering in various 
lithologies with resulting undercutting and failure 
(Vandewater et al., 2005; Shakoor, 2005).  

 jar slake - undercutting in sedimentary units (Fig. 2) 
that involve a weaker shale unit interbedded with a 
more competent sandstone or limestone (flysh) and 
is divided into categories according to a number of 
weaker units.  

 weathering degree of rock mass - describes 
weathering grades within four categories.  

 block size/ volume of material expected to fail - larger 
blocks have more kinetic energy when they fall and 
are more likely to roll further and end up in the 
roadway. They will also cause more damage during a 

 down a 
rock face are more likely to dislodge other blocks and 
result in additional rockfall. 

 number of discontinuity sets (Fig. 3)- the more 
discontinuities a rock slope has, the more avenues 
exist for physical and chemical weathering to occur 
(Vandewater et al., 2005; Senior, 1999; Maerz et al., 
2005; Romana, 1988; Nichol & Watters, 1983; 
Mazzoccola & Hudson, 1996). 

 persistence and orientation of discontinuities - this 
factor takes into consideration both persistence and 
orientation in one category. E.g. highly persistent 
discontinuity with favourable dip direction with 
respect to roadway falls into the first category, while 
highly persistent discontinuity with an adverse dip 
direction with respect to roadway falls into the last 
category. 

 
Figure 1 Example of the slope with major launching features 
present (segment from km 19+300 to km 19+490) 

 

 
Figure 2 Example of the slope with a high degree of undercutting 
(segment from km 18+950 to km 19+150) 

 
 aperture of discontinuities - higher the aperture, 

higher the possibility of water infiltration, frost 
wedging, and associated ravelling (Senior, 1999; 
Maerz et al., 2005; Romana, 1988; Mazzoccola & 
Hudson, 1996) 

 weathering condition of discontinuities - the strength 
of discontinuity surfaces has a major influence on 
rockfall potential; chemical weathering and 
hydrothermal alteration reduce mechanical 
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properties of the entire rock mass (Patton & Deere, 
1970; Romana, 1988). Along with weathering, the 
classification incorporates discontinuity infill in the 
same category.  

 friction of discontinuities - this category observes 
smoothness and roughness respectively.  

 
Climate and presence of water on the slope 

 annual precipitation - amounts of rainfall and 
snowfall during the year. It is divided into four 
categories ranging from <250 mm to >1000 mm. 

 occurrence of freeze and thaw periods - freeze/thaw 
index defined by the product of the monthly 
percentage of days with precipitation exceeding 25 
mm and the number of freezing cycle days. Freezing 
cycle days are defined as the annual average number 
of days when the daily temperature fluctuates above 
and below freezing ( ). It is divided into 
four categories ranging from 1 to  

 seepage/water - the presence of water on the slope is 
also considered within four categories ranging from 
dry to running water on the slope. 

 slope aspect - based on evidence that south-facing 
slopes experience far more freeze/thaw cycles 
annually than north-facing slopes. North-facing 
slopes are in the shade most of the day, so they will 
experience the least amount of temperature variation 
throughout a given day and are rated the lowest. East, 
west, northeast, and northwest will experience some 
sunshine through the day and are rated second to 
lowest. Southeast and southwest-facing slopes will 
experience more sunshine and are rated second 
highest. Directly south-facing slopes will experience 
the most temperature variations over 24 hours and 
are rated the highest.  

 
Rockfall history 

 frequency of rockfall occurrence - occurrence of 
rockfalls per specific time, such as seasonal rockfall 
occurrence, or rockfall every 1-2 years  

 
Traffic conditions 

 sight distance - the percent decision sight distance is 
defined by the following equation:  

         100%  [1] 

 
where actual decision sight distance is defined as the 
distance on a roadway that a 15 cm object placed on the 
edge of the road is visible to a driver, and required sight 
distance is based on speed limits according to the 
following table (Pierson and Van Vickle, 1993), where 
speed and distance units were adapted to the metric 
system.  
 

 

 
Figure 3 Example of the slope with three discontinuity sets plus 
random discontinuities (segment from km 16+530 to km 16+640) 
 
Table 1 Required decision sight distance based on posted speed 
limits (modified after Pierson and Van Vickle, 1993). 

Posted speed limit (km/h) Decision Sight Distance (m) 

40 120 
50 150 
60 180 
70 210 
80 240 

 
 average vehicle risk (AVR) - the amount of time a 

vehicle is within the segment length of a rockfall 
prone area. It takes into account the Average Daily 
Traffic (ADT), speed limit, and the length of the cut  
i.e., the length of the slope. It is defined by the 
following equation:  
 AVR = 100 [  (   )   ( )]/  ( / )     [2] 

 
 

 number of accidents - information on accidents 
caused by rockfall, obtained from Traffic Safety 
Office.  

 
Categorization of higher priority sections 
According to conducted engineering-geological mapping 
along the studied road section, CRHRS recognizes three 
overall hazard categories and two overall risk categories.  

 Overall hazard categories   
-  - sections with 0-549 given points for 

sedimentary and crystalline rock masses, and 0-449 
given points for rock-in matrix. ow hazard category 
can also be achieved with effective mitigation, low 
slope height, a favourable distance of the slope from 
the road, etc. which is mostly subjective, and has to 
be further explained in the comments. 

- Medium - sections with 550-699 given points for 
sedimentary and crystalline rock masses, and 450-599 
given points for rock-in matrix. 
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- High - sections with 700 given points for 
sedimentary and crystalline rock masses, and  
given points for rock-in matrix. High hazard category 
can be also present due to unfavourable local or 
global effects, and has to be further explained in the 
comments. 

 Overall risk categories 
- - sections with 0-75 given points represent low 

risk traffic condition 
- High - sections with  given points represent low 

risk traffic condition 
Comparison of overall risk to overall hazard, sections are 
further categorized into three groups, according to higher 
priority protection measures: 

 Group A - sections with low to medium overall hazard 
category and low overall risk category 

 Group B - sections with low to medium overall hazard 
category and high overall risk category or sections 
with high overall hazard category and low overall risk 
category 

 Group C - sections with high overall hazard category 
and high overall risk category 

 
Geological features of the studied area 

The researched area is part of the Istrian Penninsula 
known as the “White Istria”, karstified rock outcrops 
characterized by overthrust structures. Ucka-Cicarija 
Onlay is composed of Upper Cretaceous and Eocene 
carbonates, and Eocene flysch deposits (Fig. 4). According 
to Vlahovic et al. (2003), deformation of the Istrian 
Penninsula is divided into four deformation stages with 
similar characteristics, dated from Middle Jurassic epoch 
(D1), Cretaceous (D2), Eocene (D3) to Neotectonic 
deformation (D4) that takes place to this day.  

The effects of deformation D1 (Upper Bathonian) 
were local emersion and intensified relief of the subtidal 
area, as a consequence of mild compression. According to 
the orientation of gentle folds, they were accompanied by 

1) being in the 
direction of 40–220°. Tectonic activity during the 
Cretaceous (D2) is seen as periodic synsedimentary 
movements occurring throughout the period. The greatest 
regional stress was acting along the direction 125–305°. In 
the third deformation (D3), taking place in Eocene, the 
main role has transgression. D3 deformation is a decisive 
factor in the tectogenesis of the Dinarides. In Istria marks 
the beginning of subduction of the NE part of the Western 
Istrian Anticlinorium beneath the future structures of 
Cicarija. The question of the upper boundary of D3 
deformation is not definitively denoted. Neotectonic 
deformation (D4) activity comprised either the formation 
of new, neotectonic structures, reactivation of inherited 
old brittle structures into the regional transcurrent faults, 
or rotation of already existing structures towards the new 
stress orientation. 

According to Sikic et al. (1963) Ucka-Cicarija Onlay 
extends from Plomin bay on the south to Preluka cove on 

the north. Karstic Ucka massif gradually rises above the 
sea, building a sharp ridge in the west, which falls steeply 
towards Cepicko polje and Plomin Bay. Strata of the 
eastern part of Ucka mountain are inclined mainly to the 
east, in the southeast-northeast range. 

 

 
Figure 4 
et al., 1963) with studied road section. 
 

According to conducted research works (detailed 
engineering-geological mapping) and the correlation with 
the existing data of previous research, it is determined that 
the investigated area is built of Upper Cretaceous 
carbonate deposits (limestone and dolomite) of the 
Cenomanian-Turonian age. 
 
Results 

After detailed engineering-geological mapping was 
conducted, 66 different zones on the studied road section 
were singled out, according to the CRHRS classification. In 
the classification, imperial units were adapted to the 
metric system. The studied road section is approximately 
8,0 km in length, and the length of singled zones ranges 
from 20,0 m to 300,0 m. Zones were defined during 
engineering-geological mapping, according to similar 
slope characteristics: slope geometry, number of 
discontinuity sets, condition and orientation of 
discontinuities, rock mass weathering grade, block sizes, 
and applied mitigation, but also sight distance, as studied 
road section is windy. Along with conducted CRHRS rock 
mass classification of each section, main discontinuity 
orientations were measured, and possible structural 
failures defined. Moreover, if present, unstable individual 
rock blocks were highlighted.  
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After compiling the results, a number of given points 
for overall hazard in individual zones ranges from 0 to 
1068, and from 0 to 165 for overall risk, where higher 
number represents higher priority slope protection zone. 
Following table shows zone distribution of each of the 
three groups (A, B and C). 

 
 

Table 2 Number of higher priority protection zones distributed 
in groups with their total lengths. 

Priority protection 
groups 

Number of zones 
on studied road 

Total lengths of 
zones (m) 

Group A 13 670 

Group B 16 1305 

Group C 37 4940 

 

The largest number of zones (37 of them) is categorized 
the group C, with a total length of 4940 m, 16 of them are 
categorized to the group B, with a total length of 1305 m, 
and only 13 are categorized to the group A, with a total 
length of 670 m (Fig. 5). Parts of the road section that 
contains no roadcuts are not included in the 
categorization. According to this result, most of the 
studied road sections required immediate slope protection 
measures.  

According to the recommendation, different slope 
protection measures were carried out (underpinning with 
stone blocks, installation of galvanized double-twisted 
hexagonal wire mesh with or without steel ropes, 
installation of rod and self-drilling anchors, installation of 
shotcrete, profiling of rock slopes, installation of New 
Jersey bumpers, and removal of potentially unstable rock 
blocks). 

 
 

 

Figure 5 Distribution of the priority protection groups from km 21+240 to km 22+160; Group C (red line), Group B (yellow line) and 
Group A (green line). 

 
 
Discussion 

Modification of RHRS developed by Russel et al. (2008) 
(CRHRS) is designed for three types of rock masses - 
crystalline, block-in-matrix, and sedimentary. However, 
the modification was designed for Colorado Front Range 
and included 51 crystalline, 35 block-in-matrix, and only 8 
sedimentary slopes. As there were not enough 
sedimentary slopes, categorization was partly adapted to 
crystalline rock mass. Further development of 
sedimentary rock mass categorization of CRHRS, which 
would also include flysch rock mass as a separate type, 
would highly benefit better high priority protection 
measures planning in the area such as the coastal part of 
Croatia, where many rockfall events occur during the year. 
Furthermore, CRHRS classification can be also applied to 
prolluvial and delluvial poorly lithified breccia roadcuts, 
present along the coastal area, as part of the block-in-
matrix classification. Different rock mass classifications 
used to determine slope stability, SMR, developed by 

Romana (1985), and Q-Slope method (Bar and Barton, 
2015) in correlation to CRHRS, include more parameters to 
determine slope stability, while CRHRS is simplified, 
created to address the immediate issue of determination 
of high protection priority zones, taking into account 
traffic and rockfall history.  

At this point, no systematic mapping for high priority 
slope protection classification is underway. Slope 
protection design is usually underway when rockfall 
occurs, and funding becomes available. From the obtained 
results of this project, we can conclude that the geological 
complexity of a wide area poses significant rockfall hazards 
on many busy roads, and this approach would give us an 
overview of potential hazardous sections over the country. 
To achieve standard classification that can be 
systematically applied to Croatian coastal area, it needs to 
be adapted both to European standards and to the area 
planned to be applied for (adaptation of measurement 
units to the metric system, type of rock mass, climate 
features of the area, seasonal traffic frequency, etc.).
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Abstract Rockfalls as mass movements occur more 
frequently in areas with high energy potential of the 
terrain (steep slopes, rock faces), which is enhanced by the 
weathering of the rocks on site. For physical weathering, 
hydrometeorological factors are important (air humidity & 
temperatures, wind direction & intensity, precipitation 
types & amounts). The weathering rate depends on the 
rock type and the discontinuities present.  
In order to study rock frost weathering and potential 
rockfall activity in Slovenia, an analysis of land surface 
temperatures and air temperatures was performed. For the 
former, the ERA5-Land reanalysis data provided by 
Copernicus were used, and for the latter the measurement 
data from the precipitation monitoring network of 
Slovenia (Slovenian Environment Agency-ARSO) were 
used. The grid for LST was 9x9 km, and the number of 
meteorological stations in Slovenia used was more than 
150 (period 2016-2020). We used hourly data to better 
assess frost weathering potential. Station-based air 
temperatures were compared to land surface temperatures 
and their diurnal, monthly, and seasonal differences were 
discussed. Using reanalysis ERA5-Land data, analysis of 
the annual number of daily freeze-thaw cycles was 
conducted and a freeze-thaw map of Slovenia was 
prepared. Additionally, multiple simple rockfall 
susceptibility models were tested. Several impact factors 
were used as input data such as slope, lithology, aspect, 
mean annual precipitation, 5-minute rainfall with the 100-
year return period, seismic-hazard map and freeze-thaw 
map were selected. It was confirmed that slope and 
lithology are the two factors that have the most significant 
effect on the model performance. Consideration of the 
newly develop freeze-thaw map of Slovenia did not 
significantly improve the performance of the simple 
rockfall susceptibility model. The same can be said for the 
consideration of the seismic-hazard map. This especially 
applies to the rockfalls that occur in coastal flysch cliffs. In 
this area (Mediterranean coastal area) the number of 
freeze-thaw cycles are the smallest, the seismic-hazard 
map is characterized by lower acceleration values, and 
total precipitation amount is not very high, though 
rockfalls are abundant. 
 
 
Keywords rockfalls, hazard assessment, frost weathering, 
Slovenia 

Introduction 

In Slovenia, rockfalls, landslides, torrential erosion in 
headwaters, and riverbank erosion are one of the most 
hazardous phenomena (Mikoš et al., 2004). In Slovenia, 
there are 
2017). Rockfalls and rock slides are common in northern 
and north-western Slovenia, in steep gorges or canyons 
and in overthrust areas where carbonate rocks overthrust 
the softer rocks (mostly flysch) (Mikoš et al., 2013). For a 
long, rockfall susceptibility was relatively poorly 
investigated in Slovenia (Komac, 2017a). After the 
devastation in Log pod Mangartom in 2000, caused by a 
debris flow, the development of landslide research in 
Slovenia was obvious (Komac, 2017a; Mikoš, 2020).  

Rockfalls were more often studied at a local scale 
rather than regional or national scale: developing a 
deterministic model for rockfall hazard assessment (Zorn 
and Komac, 2004), rockfall computer simulations (Petje et 
al., 2005b), dynamics of rockfall motion on slopes (Petje et 
al., 2006), rockfalls as a hazard for traffic infrastructure 
(  et al, 2005; Petje et al., 2005a) or rockfalls 
causing rockwall retreat on badlands (Zorn and Mikoš, 
2008).  

At larger scales, the first modern susceptibility map 
of Slovenia was produced in 1995/6 by the Geological 
Survey of Slovenia ( ) on the basis of the 
Engineering-Geological Map of Slovenia in scale 1:400,000 
from 1994, introducing a 4-classes susceptibility map, 
originally called Stability Map of Slovenia – Rockfalls 
(GeoZS, 2021) in a gridded 242 x 242 m raster form (Fig. 1).  

In 2011, a new Rockfall Susceptibility map of Slovenia 
in scale 1:250,000 was prepared by the Geological Survey of 
Slovenia . The map was produced in 
the GIS environment based on slope, lithology and 
distance to tectonics features (Fig. 2). The most important 
factors considered were: lithology (lithological map of 
Slovenia in scale 1:250,000), slope angle and distance to 
tectonic-structural elements (Komac, 2017b). 
Susceptibility was divided into 6 classes from high 
susceptibility to no susceptibility (Fig. 2). 

The main problem in any work on rockfall 
susceptibility in Slovenia is a lack of a consistent cadastre 
and a lack of abundant historical data to validate a 
statistical model. The first validated rockfall susceptibility 
map was prepared at the municipal scale of 1:25,000 for 
Bovec Municipali
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(Fig. 3). The map was developed, based on the probabilistic 
model of slope mass movement susceptibility proposed for 
Bovec municipality by Komac (2005). This study has a 

research question: can the analysis of rock frost 
weathering improve/change the assessment of rockfall 
susceptibility in Slovenia? 

 
 

 
Figure 1 Stability Map of Slovenia – Rockfalls in the scale 1:400,000 from 1995/6.  

 

  

et al., 2011) 
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Figure 3 Rockfall Susceptibility Map of Bovec Municipality  

 
Materials and Methods 

Frost weathering 
Frost weathering of rocks is defined as a collective term for 
several mechanical weathering processes induced by 
stresses created by the freezing of water in rocks 
discontinuities. 
 
Rockfall causal factors 
Rockfalls can be triggered by earthquakes, strong storms 
or thunderstorms, by strong winds and heavy rainfall, not 
to mention human activities, such as slope undercutting 
or blasting. The study was focused on the question “Where 
it can happen?” and not to the question “When it can 
happen? Since the result in the form of a regional/national 
rockfall susceptibility map was envisaged, the following 
rockfall causal factors were considered:  
 Lithology – the Lithological map of Slovenia in scale 

1:250,00 was used in its digital form (shape files for 
each lithological unit on the map). All in all, 28 
engineering-geology units were classified into 6 
classes with regard to the susceptibility of lithology to 
weathering and crack initiations due to frost and 

thermal weathering and susceptibility to seismic 
activity. 

 New Seismic Hazard (SH) map of Slovenia (ARSO, 
2021) showing peak ground accelerations (PGA), 
determined for the 475-year return period (Fig. 4). 

 These accelerations are valid for bedrock or other 
geological formations with at least an elastic wave 
velocity of 800 m/s and less than 5 m of weak soil 
cover. For the new seismic hazard map, for the first 
time is Slovenia, active faults and fault sources were 
considered that might be of importance also for 
rockfall susceptibility modelling. 

 Slope gradient as an indicator for available terrain 
energy available to release rockfalls. 

 Slope aspect as an indicator of thermal stress due to 
solar insulation. 

 Mean annual precipitation (P), and 5-minute 
precipitation with the 100-year return period (P100) 
(from the Crossrisk project, 
https://www.crossrisk.eu/en/) as an indicator for 
weathering rates, rock moisture, and snow cover. 

 Freeze-thaw cycles as an indicator for crack initiations 
in rocks – cycles were estimated using dial fluctuations 
of air temperatures and land surface temperatures.  



– Rock Frost Weathering and Rockfall Activity Assessment in Slovenia 

140 
 

 
Figure 4 Seismic Hazard map of Slovenia with peak ground accelerations (PGA in g), return period 475 years and valid for bedrock – 
type A after Eurocode 8 (ARSO, 2021). 

 
Reanalysis data and meteorological data 
The relevant reanalysis data was used, i.e. the ERA5-Land 
reanalysis hourly data for the period 2016-2020 provided 
by the Copernicus (2021). We applied the following data: 
“2 m temperature”, “Soil temperature level 1”, and “Snow 
depth”. “2m temperature” represents the air temperature 
at 2m above the surface of land, sea or in-land waters 
(Copernicus, 2021). It is obtained by the interpolation of 
the Earth’s surface and lowest model level (Copernicus, 
2021).  

The “Soil temperature level 1” represents temperature 
of the soil level (0-7 cm) that comes from the ECMWF 
Integrated Forecasting System (Copernicus, 2021). While 
the “Snow depth” variable represents the grib-box mean of 
the snow thickness on the ground while excluding snow 
on the canopy (Copernicus, 2921). An example of the 
reanalysis data is shown in Fig. 5. 

Additionally, the 2-m air temperature at hourly scale 
was obtained for the same periods 2016-2020 from over 150 
meteorological stations from the state monitoring system 
operated by ARSO (Slovenian Environmental Agency, 
2021). Fig. 6 shows the location of stations that had air 
temperature data available in the 2016-2020 period. 

 
GIS environment and tools 
Investigations related to the extraction of the reanalysis 
data were carried out using program R (2021) and available 
packages such as raster, rgdal, sp, and gstat. R software 
was also used for pre-processing the hourly station-based 
data and for the interpolation. Analyses related to 
susceptibility models were performed in the SAGA GIS 
environment that is a free open access software for 
geoscientific analyses (SAGA, 2021) – we used version 8.  

 

 
Figure 5 Era5-Land reanalysis data for the area of Slovenia, the 
legend shows average number of days when soil temperature at 
level 1 is below and above 0°). 

 
Figure 6 Location of meteorological and climatological stations 
with the hourly 2m air temperature data availability in the period 
2016-2020. Digital elevation model is shown as background.  
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Rockfall cadastre data 
A rockfall cadastre was compiled based on data from 
various sources (GH50 project, Civil Administration 
database, and personal collections). A total of 164 rockfalls 
from GH50 project were used in this study.  

 
Results and Discussion 

Reanalysis data and station-based data investigations 
For the investigations related to the freeze-thaw cycles we 
used both reanalysed and station-based data. Fig. 7 shows 
the average number of days when the air temperature is 
below and above 0°. It can be seen that these maps are to 
some extent different as the one shown in Fig. 5.  

Thus, the further comparison was made between air 
temperature and soil temperature data (Fig. 8). It was 
found that differences to some extent depend on the 
station location since for high altitude stations differences 
were more explicit than for low-altitude stations (Fig. 8).  

This was further confirmed by conducting a similar 
analysis for all the locations shown in Fig. 6. The results 
are presented in Fig. 9. It can be seen that the difference in 
the number of freeze-thaw cycles depends on the station 
altitude. The main reason for these differences is the snow 
cover depth that varies from station to station. Moreover, 
we additionally compared air temperature data obtained 
from ERA5-Land and station-based data (ARSO). It was 
again found that agreement between two datasets 
depended on the station location (Fig. 11) and was 
estimated as acceptable.  

 
Freeze-thaw map of Slovenia based on the soil temperature  
Based on the conducted investigations, we decided to use 
the soil temperature data from the ERA5-Land to estimate 
the average annual number of freeze-thaw cycles for entire 
Slovenia. This variable was assumed to be the most 
relevant for the description of the actual number of freeze-
thaw cycles. Based on the location of stations (Fig. 6) we 
extracted the ERA5-Land data and performed 
interpolation using the ordinary kriging. The final map is 
shown in Fig. 11. This map was used in the further steps of 
this study.  
 

 
Figure 7: Average number of days when air temperature data is 
below and above 0°. 
 

 

 
Figure 8: Comparison between 2 m air temperature (y-axis) and 
soil temperature level 1 (x-axis) at hourly, daily and monthly time 
step for Kredarica (high-altitude Alpine station) and Koper (low-
altitude Mediterranean station) stations. 
 

 
Figure 9: Relationship between station altitude (x-axis) and 
number of cycles calculated using air temperature and soil 
temperature data (y-axis). The grid locations for all stations 
shown in Fig. 6 are shown (one point-one station). 

Hourly Koper 

Daily Koper 

Monthly Koper 

Hourly Kredarica 

Daily Kredarica 

Monthly Kredarica 
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Figure 10: Comparison between 2 m air temperature from the 
ERA5-Land (y-axis) and station-based air temperature (x-axis) at 
hourly, daily and monthly time step for Kanin (high-altitude 
Alpine station) and Godnje (low-altitude Mediterranean station) 
stations. 
 
 
Rockfall Susceptibility Models 
Multiple simple models were tested to evaluate if the 
developed freeze-thaw map can improve the performance 
of simple rockfall susceptibility models (Tab. 1). In 
addition, simple evaluation of model performance was 
performed (Tab. 1). Some examples of the tested models 
are shown in Fig. 12, Fig. 13, Fig. 14 and Fig. 15.  
 

 

Figure 11: Freeze-thaw map of Slovenia (average annual daily free-
thaw cycles) based on the ERA5-Land soil temperature data and 
results of the leave-one-out cross validation (scatter plot) for 
ordinary kriging (elevation was used for the interpolation). 
 
 
 
Table 1. List of tested rockfall susceptibility models (legend:          
S-Slope; LI-Lithology; FT-Freeze-Thaw, A-Aspect, P-Total annual 
precipitation; P100-5-minute rainfall with 100-year return period; 
SH-Seismic-Hazard). For all models, mean values are given for 
the entire Slovenia (MVS) and for the cells with rockfalls (MVR). 

ID Model 
 

MVS MVR (Min-
Max values)

1 0.2*S+0.2*LI+0.2*P+0.2*FT+0.2
*A 

0.46 0.55 (0.15-
0.87) 

2 0.3*S+0.3*LI+0.1*P+0.2*FT+0.1
*A 

0.47 0.59 (0.12-
0.90) 

3 0.3*S1/2+0.3*LI+0.1*P+0.2*FT+
0.1*A 

0.51 0.63 (0.19-0-
89) 

4 0.3*S1/2+0.3*LI1/2+0.1*P+0.2*F
T+0.1*A 

0.55 0.67 (0.19-0-
91) 

5 0.5*S1/2+0.5*LI1/2 0.51 0.68 (0.18-
0.94) 

6 0.7*S1/2+0.3*LI1/2 0.45 0.63 (0.24-0-
93) 

7 0.7*S1/2+0.3*LI 0.42 0.60 (0.24-
0.92) 

8 0.3*S1/2+0.3*LI1/2+0.1*P100+0.2
*FT+0.1*A 

0.56 0.68 (0.22-0-
88) 

9 0.3*S1/2+0.3*LI1/2+0.1*P100+0.1
*FT+0.1*A+0.1*SH 

0.50 0.64 (0.22-
0.91) 

Hourly Kanin 

Daily Kanin 

Monthly Kanin 

Hourly Godnje 

Daily Godnje 

Monthly Kanin 



Proceedings of the 5th Regional Symposium on Landslides, Rijeka, 2022 

143 
 

 
 
Figure 12: Tested rockfall susceptibility model number 1 with the 
location of 164 rockfalls used in this study. 
 
 

 
 
Figure 13: Tested rockfall susceptibility model number 4 with the 
location of 164 rockfalls used in this study. 
 
 

 

 
 
Figure 14: Tested rockfall susceptibility model number 5 with the 
location of 164 rockfalls used in this study.  
 
 

 
 
Figure 15: Tested rockfall susceptibility model number 9 with the 
location of 164 rockfalls used in this study. 
 
 
Conclusions 

Based on the presented results it can be concluded that the 
consideration of the newly developed freeze-thaw map of 
Slovenia does not significantly improve the performance 
of the simple rockfall susceptibility model. The same can 
be said for the consideration of the seismic-hazard map. 

Based on the results, slope and lithology are 
considered as the main preconditioning factors that 
impact the performance of such simple rockfall 
susceptibility models. This especially applies for the 
rockfalls that occur in coastal flysch cliffs. In this area 
(Mediterranean coastal area) the number of freeze-thaw 
cycles is the smallest, the seismic-hazard map is 
characterized by lower peak ground acceleration (PGA) 
values and the total precipitation amount is not very high. 
A variable that could be used in this part of the Slovenia is 
the P100. Moreover, additional investigations are needed to 
improve the performance of the larger-scale regional 
rockfall susceptibility model.     
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Abstract Rockfalls are common in hilly and mountainous 
areas, especially along roads with engineered slopes and 
cuts. Such is the case for most of the state and local road 
routes in Central, Serbia, which was the subject in this case 
study. A road network of 276 km covering roughly 1700 
km2  and Ivanjica is 
presented. Assessing of such wide areas needs to be 
conducted from large to site-specific scale, i.e., using GIS 
spatial tools and 2D-3D stability models, respectively. The 
regional scale of assessment using GIS tools was in focus. 
The primary input was the Digital Terrain Model, obtained 
from open data ALOS mission at 12.5 m resolution, as well 
as appropriate sheets of geological maps at 100k scale. The 
first step was to delineate areas that can host unstable 
blocks by inspecting planar sliding kinematic condition 
against available data. These included raster data (slope 
angle and azimuth) but also, point-based data 
(discontinuities’ strike, dip and friction angle) which had 
to be estimated or interpolated across the area by various 
GIS operations. In total, there were nearly 5000 potential 
detachments delineated. Further step was to run the 
rockfall simulation by using these detachment zones as 
initiation sources in a simple kinetic model CONEFALL, 
standalone software. The output model simulated several 
thousands of rockfalls, with various runout distance (<650 
m), velocity (<46.5 m/s) and energy (<540 kJ). When 
overlapped with the road network, this model revealed the 
road exposure to rockfall. Locations with runouts that 
reached the road lines make about 6.7 % of the total 
network length. Zones of estimated energies higher than 
serviceable threshold (300 kJ) occupy 0.9 % of the total and 
require additional remediation design. Presented analysis 
is a promising tool for supporting planning and decision 
making in the road management sector. 

 
Keywords CONEFALL, exposure, GIS, rockfall, Serbia 
 

 

Rockfalls are common in hilly and mountainous areas, 
especially along roads with engineered slopes and cuts. 
Such is the case for most of the road routes in Central, 
Eastern, Western and Southern Serbia, especially on low-
category state and local roads. Rockfalls can induce hazard 
of high magnitude (frequency, velocity, energy etc.), 
causing temporary or long-term effects. They impose 
constant problems to the road management enterprises, 

requiring frequent maintenance or mitigative activities. In 
addition, population growth and entailed urbanization, as 
well as climate change impacts (extreme weather 
conditions) all imply further emphasis on this type of 
hazard, together with all other climate-affected slope 
processes (Gariano and Guzzetti, 2016). Therefore, 
strategies that are including rockfall hazard assessment (as 
well as other road-threatening processes) are increasingly 
important in road management, but also in planning, 
engineering design and research (Davies et al., 2014), and 
such practice is in its beginnings in Serbia and throughout 
the region (Abolmasov, 2017; Marjanovi ; 
Marjanovi 2019, Marjanovi ). 
 
State-of-the-art 
Although the rockfall mechanism is precisely defined in 
the conventional landslide and mass movement 
classifications (Hungr et al., 2014, Dikau et al., 1996), it is 
rather common to assess mixed types of mechanisms, i.e. 
falling in combination with sliding and toppling, as well as 
bouncing, fragmenting etc., instead of solely free-falling 
rock. This is justified due to the actual. realistic events, 
which are always complex in this and many other aspects, 
but rock avalanches and large rockslides, as well as DSGSD 
(deep-seated gravitational slope deformation) are to be 
differentiated from rockfall mechanism, as perceived 
herein.  Regardless of the scale and due to their different 
mechanism in comparison to other landslide types (high 
mobility and velocity), the assessment practice of rockfall 
hazard commonly includes (i) delineation of the release or 
detachment or source zones, (ii) characterization of the 
source material (block shape, size, strength, etc.) and the 
background (roughness, vegetation, deformability), and 
(iii) rockfall simulation with trajectory runout modelled 
per several parameters (reach distance, jump height, 
velocity, energy, etc.) (Dorren et al., 2011). The scale of 
assessment dictates the level of detail of input data, and 
complexity of the model. Obviously, regional scale models 
cannot be provided with site-specific level of input data, 
which is why they are usually confined to steps (i) and 
simplified step (iii) (Jaboyedoff and Labiouse, 2011). 

Many authors have reported rockfall hazard case 
studies ranging from large to local scales, endangering 
roads, rails or hiking tracks. A full overview of the state-of-
the-art would be beyond the topic and purpose of this 
paper, which is why only most relevant works, regarding 
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regional scales and road network exposure context, will be 
addressed hereinafter. As step (i) requires delineation of 
sources, it is worth mentioning that such procedure for 
larger scales is commonly automated and GIS-based. 
Alternatively, there are procedures that integrate field and 
operative data for mapping of slopes and their 
classification specifically for the roads ( ). 
Inconveniently, they overlap procedures from (i), (ii) and 
(iii) in a single classification procedure, commonly 
subjective. Loye et al. (2009) reported a procedure based 
on high-resolution (airborne LiDAR) Digital Elevation 
Model (DEM) analysis. They have decomposed slope angle 
distribution to map cliffs and steep slopes as predominant 
rockfall sources in alpine regions and argue that such 
global criterion can be easily applied to any other 
mountainous area with slight adjustments. Since they have 
offered global criterion, they have not considered 
geological or kinematic conditions. Even though inspiring, 
their approach was not directly implemented in this 
research, as the principal intention herein was to include 
other important conditions. Similarly, Aksoy and 
Ercanoglu (2006) used rule-based fuzzy analysis over a set 
of morphological, but also structural (field) data for the 
city-wide assessment of rockfall source areas. Fanos and 
Pradhan (2019) performed comprehensive rockfall hazard 
assessment at city-wide scale but demonstrated how 
machine learning algorithms can extract potential source 
areas from high-resolution DEMs, which might be 
direction of our future research. Copons and Vilaplana 

have introduced a case of rockfall risk assessment 
at scales 1:5,000-25,000 for land use planning purposes, by 
calculating and statistically processing the exposure 
distribution at the foot of the designated large-scale slope 
of known dynamics, which has inspired our approach, too. 
Road and rail networks at regional scales were the subject 
of several researchers (Lato et al. 2009; Michoud et al., 

, wherein it is typical to adopt 
realistic scenarios using confirmed source areas, based on 
historical remote sensing and LiDAR monitoring data 
(static or mobile). These were further using various tools, 
usually simplified, for solving step (iii) and calculating the 
exposure of the target infrastructure. 

Common for most of these studies is the use of high-
resolution DEM from airborne LiDAR campaigns, which is 
not widely available in Serbia. Another conformity, with 
some exceptions, is the preference of morphological rather 
than integrated (geological and structural) criteria for 
delineating source zones. It is also apparent that the level 
of detail of the terrain surface model severely affects both, 
detection of potential source areas and propagation of the 
rockfall trajectories. Higher level of detail (1x1 m or less) 
commonly implies greater rockfall hazard than the coarse 
DEMs (10x10 m or more) over the same area, so 
optimization of inputs is also indicative suggestion in 
described works. It is also indicative that shifting from 
small-scaled and detailed to large-scaled and general 
rockfall assessment implies application of les complex 
simulation models at step (iii). 

 
Figure 1 The area of interest with its categorized road network.  

 
Area of interest 
In this article, experience from a case study in Central 
Serbia, covering a road network 276 km long within an 
area of roughly 1700 km2 will be presented (Fig. 1). It is 
situated between  
within a mixed terrain configuration, from flat river valleys 
to the north, to hilly-mountainous terrain to the south. 
The wider investigation concept is defined in the World 

: Mainstreaming climate resilience in road 
transport management in Serbia, conducted in 2020-2021 
for Public Enterprise Roads of Serbia. The presented 
analysis of rockfall exposure is just a fraction of all 
performed spatial and traffic modelling, which was 
targeted at developing and testing methodology for 
quantitative risk assessment in respect to relevant natural 
hazards including the current and future climates. 

In brief, the project framework included several key 
tasks. Firstly, the area of interest was scoped for examples 
of instabilities, resulting with a database, used as input and 
validation data for hazard models, i.e., hazard maps. This 
subproject was named ClirTheRoads and contains digital 
repository (http://clirtheroads.rgf.rs/). The exposure of 
the network was analysed by overlapping road network 
over these maps while introducing quantified vulnerability 
parameters of the road assets. The next task was to detect 
critical locations and develop scenarios in respect to traffic 
and population distress. For each scenario a cost-benefit 
analysis was conducted to test the balance between the 
importance of the scenario and risk mitigation costs. 
Finally, this information was used to prioritize road 
sections which will be future investment candidates. 
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Figure 2 Raw inputs: a) field mapped rockfall examples; b) simplified engineering geological map in respect to rockfall susceptibility 
(more prone to rockfall from green to red) overlaid by planar discontinuity measurements (dip and dip direction); c) DEM (ranging 
from 231 to 1620 m a.s.l.) overlain by categorized road network (road category increases from light pink to violet).  

 
 

As indicated before, the approach in this study is split into: 
step (i) source delineation, by using both morphologic and 
geologic/structural features, validated by field data, 
therein including free-fall but also block sliding 
mechanisms of detachment; and step (iii) which includes 
simplified kinetic trajectory simulation tool. Given that it 
represents a subtask in a larger project framework, only 
respective (rockfall assessment-related) data acquisition 
and methodology will be presented hereinafter.  
 

 
The following base maps and resources were used for both 
task (i) and (iii) implementation (Fig. 2): 
 Field locations database (subproject ClirTheRoads, 

http://clirtheroads.rgf.rs/) 
 Engineering-geological and geological map 1:300,000 

(Geological Survey of Serbia, 
https://geoliss.mre.gov.rs/karte/igk300.html) 

 Digital Elevation Model (DEM) 12.5 m resolution 
(ALOS PALSAR mission open products, 
https://earthdata.nasa.gov/) 

 Pilot road network (Public Enterprise Roads of Serbia, 
excerpt from the national road network vector, 
https://www.putevi-srbije.rs/index.php/) 

 
These were used directly or for derivation of 

intermediate raster inputs such as: 
 Aspect (derived from DEM at 12.5 m resolution using 

algorithm) 
 Slope (derived from DEM at 12.5 m resolution using 

algorithm) 
 Dip angle (nearest-neighbour-interpolated from 

planar features on geological map 1:300,000) 
 Dip direction (nearest-neighbour-interpolated from 

planar features on geological map 1:300,000) 

 Friction angle (assigned using experience-based 
values for formations defined on engineering 
geological map 1:300,000 and encountered during the 
field survey) 

 
M  
Task (i) requires a delineation of potential rockfall sources, 
marking areas where blocks are easily detachable. 
Foremost, it was needed to mask all areas that do not 
consist of solid rocks, which was done by masking 
appropriate units, i.e. assigning zero values in the digitized 
engineering geological map (dark green in Fig. 2). 
Secondly, the remaining areas covered by solid rocks were 
scored according to their susceptibility to rockfall 
occurrence. The scoring factor F value was set arbitrarily, 
within the 0-1 interval, and relied on experience from the 
field surveys conducted in 2020. In general, loose, jointed, 
weak, tabular and schistose rocks had higher scores than 
fresh igneous or compact isometric sedimentary rocks. 
Subsequently, the block sliding conditions along planar 
discontinuities (Eq. 1-2) as defined by conventional 
Markland’s kinematic criteria ( , 19 ), were 
tested against the intermediate raster layers: Aspect ( ); 
Slope ( ); Dip angle ( ); Dip direction ( ) and Friction 
angle ( ) in a GIS environment. 
 = ± 20°   [1] < <    [2] 

 
Directional tolerance of ±20° corresponds to maximal 

probability which (1). The tolerance was successively 
enlarged while failure probability P of instances that meet 
such condition was proportionally reduced. The failure 
probability was subsequently normalized against all pixels 
that meet Markland’s condition to 0–1 range. These were 
finally multiplied with scoring factor (0–1) F. 
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Next modeling step required solving of rockfall 
trajectory runout, velocity and energy. A standalone 
software CONEFALL was used (Jaboyedoff and Labiouse 
2011), as it relies on a simple “dry friction” triangle (cross-
section along the block’s trajectory) between the source 
area, its vertical base and its horizontal reach, or the 
shadow angle (Fig. 3). In 3D setting the triangle is 
promoted to cone, and in both cases the shadow angle 
limit is arbitrary, but empirical evidence suggests using a 
range between 27- It further relies on potential Ep to 
kinetic Ek energy proportion (energy conservation law), 
and suggests that at any point along the propagation axis 
X, the velocity v is proportional to the difference of 
topographic and cone surface dH by the power of 2 (Eq. 3). 
Knowing the gravitational constant g and assuming unit 
volume V, velocity and kinetic energy can be easily 
calculated along each trajectory. 

 = = =   [3] 

 
The hazard map was generated by the adopting the 
distribution of the energy value, although velocity value or 
their combination are available as an output form. Since 
most of the protective measures refer to impact velocity 
thresholds (https://www.geobrugg.com/), the hazard map 
was kept in said values, split according to intervals that are 
more or less manageable by protective measures (0-100 kJ 
low; 100-300 kJ moderate; >300 kJ high). 

 

 
Figure 3 Cone model (red rectangle is source, black line is 
topographic surface, blue line is cone surface, shade angle ~ 32°, 
green area is a trajectory domain) of 2020 event in the 
background (photo M. Marjanovi ). 

The last step involves superimposing the spatially 
distributed rockfall hazard to a linear object, i.e., the road 
network vector. This has been completed by segmenting 
the entire road network into 500 m intervals and averaging 
the overlapping pixels (12.5 m resolution) per each 
segment of the hazard map using the zonal statistics tool 
in the GIS environment. Thereby, highly exposed 
segments of the road network are emphasized in contrast 
to low exposed ones visually, but also quantitatively. 

Results  

The results of the task (i) are indicating relatively low 
susceptibility to host rockfall, while the rockfall hazard in 
general seems to be limited to narrow sections of the road 
isolated in the southernmost regions of the area of interest 
(Fig. 4-5). Hereinafter, a more detailed review of these 
outcomes follows. 
 
Source areas 
Kinematic analysis rectified by an experience-based 
lithological criterion and with lateral limits expanded to 
±45° suggests that there are few cases that comply with 
sliding block failure. In total, 34.5 km2 or only about 2 % of 
the area is prone to such failure mode, while lateral 
tolerance is expanded to great extents (Fig. 4). However, 
evidence from the field suggests higher slope activity, but 
mainly along road cuts, which could not be represented 
with the current low-resolution DEM. In fact, its derived 
slope model shows that majority of the slope faces lie 
below 30° inclination, while the overall average is about 
13°. Only 0.2 km2 of the total is steeper than 50°, which 
reduces to isolated cases/pixels. Rough, steep faces, 
especially along the road cuts are presumably smoothened 
by 12.5 m resolution of the DEM, which is insufficient to 
capture greater level of detail. 
 

 
Figure 4 Source area distribution (representative detail of the 
southern rockfall hot-spot given in the top right). 
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Figure 5 Rockfall kinetic energy distribution (representative 
detail of the southern rockfall hot-spot given in the top right). 

 
  

Cone model “trajectories”, which are but per pixel 
calculations of Eq. 3, suggest rather a moderate rockfall 
hazard in both aspects, spatial and intensity-wise (energy 
and velocity). Reach distances were simulated by using the 
cone shadow angle of 32° which has been confirmed as the 
most realistic value during the field investigations in 2020 
(ClirTheRoads subproject), blocks were assumed as 
cubical, while their average dimension was set to 0.5-0.7 
m, meaning that average block mass was about 500 kg 
(assuming bulk density around 20 kN/m3). 
the raster output as a vector, the runouts were 
approximated, and their axial dimension was estimated to 
range between 50 and 650 m, wherein only 1 % is longer 
than 500 m. 

Rockfall energy distribution (Fig. 5) can be divided 
into low hazard 0-  % of the total 
area, moderate hazard 100-300 kJ which covers 11 % of the 
area, while the remaining 1 % is a high hazard with 
energies >300 kJ. This is a generally adopted threshold in 
respect to the serviceability limits of common road meshes 
and drapes used in practice. In addition, velocities are 
calculated, and their distribution seems more uniform 
(Fig. 6). 

 
 

 
Figure 6 Rockfall velocity distribution (representative detail of 
the southern rockfall hot-spot given in the top right). 

 
Overlapping road segmented (500 m) network over kinetic 
energy raster and using the same criteria for classifying 
low-high hazard and translating it to the exposure to 
rockfall, the following distributions are obtained (Fig. 7). 
Zero hazard is occupying most of the area, as well as most 
of the road length, i.e., 93.3 %, which is even more 

 % for the areal distribution. Thus, 6.7 
% is non-zero exposure, i.e., 
length. Moderate exposure covers  % of the total length 
of 16 km, which means that the remaining 0.9 % or 2.6 km 
is covered in high exposure to rockfall. It is located in the 
southernmost part of the area of interest, along the 
Ivanjica- route, as well as along the Ibar river valley to 
the east (Kraljevo- , with some seldom 
occurrences in other parts of the network. 

Clearly, the models do not comply with field data 
particularly well (35 wide-spread rockfall occurrences, few 
of which were indicated as critical for potential road 
closure and detouring), which means that the approach is 
more general than desired. The principal reason is the 
level of DEM detail available. LiDAR-based DEM 
(airborne) of a meter or sub-meter resolution would allow 
mapping of much steeper local cliffs, as well as shoulders, 
breaks etc. giving a more realistic source area delineation 
as well as better background for running simulations. 
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Figure 7 Road exposure to rockfall underlain by kinetic energy 
model (representative detail of the southern rockfall hot-spot 
given in the top right). 

 
Conclusions 

This work presents a quantitative approach for 
determining road exposure to rockfall hazards in a 
medium-sized area located in central Serbia. The terrain 
configuration is susceptible to rockfalls in the southern 
and eastern parts, which has been confirmed by a 
thorough field survey, conducted in 2020. Expert-driven 
and physical modelling are herein coupled to perform task 
(i) - rockfall source zones delineation, and (iii) - simulation 
of rockfall trajectories and their features. The results are 
considered appropriate for a general assessment level of 
planning and prioritizing but require some improvements. 
A major drawback is the lack of high-resolution DEM 
which would resolve most of the modelling issues in both 
tasks (i and iii). Further improvements are possible by 
including more realistic surfaces, but also, land use 
features (forests, and other surface fabric) which can be 
used as a correction factor in the postprocessing of energy 
and velocity calculations, as a task (ii). Even though 
mismatching in some aspects, the field validation and 
models are statistically speaking comparable (a relatively 
low level of hazard is present in both). The simplicity of 
the simulation model is also a source of error. However, 
one “hot-spot” area in the southern part is a very 
representative example where the model meets a realistic 
scenario. 
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Abstract Physical models are widely used in landslide 
research. They allow direct and accurate measurement of 
the main driving forces and features of the fundamental 
processes regulating a landslide. Physical modelling is 
principally used to: i) investigate specific or general 
landslide mechanisms, ii) validate mathematical 
formulations or numerical codes, iii) infer how a real in-
situ slope and landslide scenario may evolve. This paper 
will provide some remarks on the first two issues. The FEM 
(Finite Element Method) and MPM (Material Point 
Method) analyses of a reduced-scale slope model that is 
gradually saturated by water table raising, is used as a 
benchmark. In this case, the experiment shows that the 
slope fails by shear and then liquefaction occurs, and 
numerical simulations can capture such slope instability 
sequence. On the other hand, flume tests of saturated 
granular flows are simulated via SPH (Smooth Particle 
Hydrodynamics) to interpret the spatio-temporal 
evolution of the pore water pressure within the rapid flow. 
An example of test regarding Landslide-Structure-
Interaction is also proposed. The paper discusses the 
extent to which physical models and numerical 
simulations are complementary. The limitations of both 
types of approaches are also highlighted, such as scale-
effects or computational costs.  

 
Keywords mechanisms, experimental, numerical 
 
 
Introduction 

There are several reasons that make the analysis of 
landslides a complex task. These include, for instance, 
multiple combined mechanisms, the strain-dependent 
behaviour of the involved soils, and the transient 
groundwater regime, especially in partially saturated soils 
and in fast-moving landslides. 

It is generally accepted that landslide recognition and 
diagnosis are the first two fundamental steps to be taken.  

Landslide recognition includes the assessment of site 
boundary conditions and the evolution of the slope over 
time. Landslide diagnosis involves relating the causes 
(factors) and the effects. These relationships are usually 
named mechanisms. The individuation of landslide 
mechanisms can be pursued at different scales, from 
regional/territorial to local/micro scales. Qualitative or 
quantitative, empirical or physically based interpretations 
are applicable depending on the general scope of the 

activities, for instance, land-use planning or design of 
protection structures.  

 In the most complex cases, landslide physical 
modelling is a powerful tool for direct observation of 
landslide mechanisms. An undoubtable advantage is the 
high accuracy of the measurements it allows. Nevertheless, 
a simplification of the site stratigraphy and geometrical 
conditions is always required. Another important 
limitation concerns the reduced dimensions of the 
landslide model compared to the site problem. In this 
sense, scale effects can be opportunely managed, and even 
much reduced if a centrifuge device is used. Independent 
on the type of physical model, its combination with 
geomechanical numerical simulations has proven to be 
efficient for an advanced landslide diagnosis. This paper 
reports 4 emblematic cases, where complex scientific 
questions could be answered thanks to the combined use 
of physical and numerical landslide models. 

 
 

Failure first, then liquefaction: a lesson learnt 

Experimental results 
The scientific question was: Is static liquefaction of soil the 
only cause of flow-like landslides? In other words, is 
liquefaction the cause or the effect of a slope instability 
when a flow-like landslide occurs?  

Eckersley (1990) and several later slope model results 
(including Lourenco et al., 2006) have demonstrated that 
a slope model of loose material subjected to a rise in the 
groundwater table (eventually in conjunction with water 
inflow from the ground surface) first fails, then 
liquefaction occurs, and finally a retrogressive slope 
instability is initiated (Fig. 1). Images of slope instabilities 
observed through transparent side walls and 
measurements of pore water pressure at different points 
inside the slope were supported this explanation. The 
interested readers may refer to the references given. 

 
Small-deformation FEM modelling 
How to confirm these experimental results via numerical 
modelling? Analyses based on no-deformation or small-
deformation approaches could be used. Definitions and 
examples are reported in Cuomo et al. (2021a). For 
instance, while it is no possible to simulate the slope 
multiple retrogression failures observed by Eckersley 
(1990), static liquefaction is capturable if an advanced soil 
constitutive model is used. 
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 Figure 1 Experimental results of one flume test of Eckersley (1990): failure and post-failure stages. 
 

First, a simplified limit equilibrium analysis pointed 
out a slope safety factor close to one for a groundwater 
table equal to that observed at the occurrence of slope 
failure. This means that soil shear failure plays a role.  

Then, the liquefiable behaviour of the soil measured 
in undrained compression triaxial tests for different values 
of porosity was simulated by an advanced constitutive 
model based on Generalised Plasticity (Pastor et al., 1990). 
Some of these results are reported in Cascini et al. (2013).  

Finally, FEM analyses, based on a hydro-mechanical 
fully coupled approach, were performed. A series of 
numerical simulations carried out with the GHM 
(GeHoMadrid) code (Pastor et al., 2004) outlined that the 
failure of the toe of the slope can be simulated consistently 
to the flume test results. In conclusion, numerical 
modelling corroborated the experimental evidence in a 
physically based framework, which has been appropriately 
implemented in the numerical code. 

 
Large-deformation MPM modelling 
The same experiments have been simulated again some 
years later by Cuomo et al. (2019).  

As in the previous case, the geomechanical 
framework relied on full hydro-mechanical coupling and 
advanced constitutive modelling. The latter was based on 
the hypoplasticity theory (Von Wolffersdorff, 1996). 
However, this time the problem this time was casted in 
terms of large soil deformations and the numerical 
technique of the Material Point Method (MPM) was used 
by the Anura3D code. 

 Figure 2 Displacements and deviatoric shear strains computed at different times by Cuomo et al. (2019).  
 

MPM is an enhancement of the classical FEM. The 
use of MPM in this context implies that both shear failure 
and subsequent liquefaction at the base of the slope could 
be captured. In addition, the spatio-temporal evolution of 
soil liquefaction on the slope was tracked, and the 
retrogressive type of the slope instability (Fig. 2) was 
captured (Cuomo et al., 2019). It was demonstrated that 
static liquefaction is attained at the toe of the slope, which 
then largely deforms. Hence, a retrogressive landslide is 
triggered, which causes a lateral decompression and an 
increase in shear stress in the rear of the slope. Static 
liquefaction propagates backwards, thus triggering other 
multiple retrogressive failures. As the failed material 
propagates and finally comes to rest, global instability 
brings to the final flat deposit. What is the lesson learnt? 
The failure stage depends on the hydraulic boundary 
conditions. The post-failure stage, i.e., the transition of a 
slide into a flow, is regulated by soil static liquefaction. The 
later slope evolution until it stops is controlled by large 
deformations of the soil and the change in geometry. 

 
 

Loose and dense sands both prone to flow landslides? 

Experimental results 
A fundamental scientific question is that: soil behaviour or 
site condition, what is the most important factor?  
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Figure 3 Centrifuge slope model for loose and dense soils: (a) centrifuge model scheme, (b) displacement measured at PIV1, and (c) 
pore-water pressures measured at PPTT1 (modified from Take et al. 2004). 

  
This issue is especially relevant for flow-like 

landslides, sometime called runaway landslides. It is 
agreed that loose, saturated sands may undergo static 
liquefaction and generate flowslides. 

However, from field observations, there are also 
known cases where the soils were not so loose but still 
suffered from slope instabilities that later evolved into 
flow-like landslides. Take et al. (2004) provided 
convincing experimental evidence for the first time by 
using an unsaturated slope model in a centrifuge. A two-
layer slope model was prepared, with coarser material at 
the top and finer material at the contact with the 
impervious bedrock. Displacements were measured with a 
high-speed camera and image processing, and pore water 
pressures with transducers embedded in the slope. A 
transient seepage was induced in the upper layer, leading 
to the formation of a perched water table at the top of 
slope (Fig. 3).  

The most-important evidence was that a flow-like 
landslide was triggered in the coarser material, regardless 
of soil density, either in the loose or dense case. This 
experimental evidence has important practical 
implications. It means that the chance for flow-like 
landslides in the field cannot be absolutely limited to the 
case of loose materials. Dense materials also deserve 
attention. However, how to explain such evidence from a 
geomechanical viewpoint? 

 
FEM modelling 
Both soil constitutive response (static liquefaction) and 
transient seepage (constrained in the layered slope 
stratigraphy) are the two key factors. 

This was the working idea of Cascini et al. (2013). The 
authors set up a numerical model corresponding to the 
prototype of the centrifuge tests of Take et al. (2004).  

The GHM (GeHoMadrid) code was used also in this 
case in combination with a Generalized Plasticity soil 

constitutive model (Pastor et al., 1990), which can 
reproduce static liquefaction for loose sand. 

The main numerical outcomes can be summarized as 
follows: slope instability is simulated in both loose and 
dense slope models; the failed soil volumes are similar in 
the two cases; transient constrained seepage plays a role in 
both cases; however, in the dense slope model, localized 
failure occurs (a shear band starts at the toe of the slope 
and propagates backwards); in the loose slope model, 
diffuse failure due to static liquefaction occurs; failure is 
brittle for dense slopes and more delayed in time for loose 
ones. 
 

 
Figure 4 Time trend of the equivalent plastic strains computed 
for (a) loose and (b) dense soils by Cascini et al. (2013). 

a) b) 

c) 
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Pore water pressure during propagation: new insights 

Experimental results 
Excess pore water pressures in fast-moving landslides are 
recognized as responsible for long runout distances 
travelled even along gentle piedmont areas. Small and 
(more recent) large flume tests have helped to understand 
how much interstitial fluid is important. When flow 
thickness, total weight and basal pore water pressures are 
measured at specific locations, information about a 
liquefied state (or not) of the flowing material can be 
obtained.  

In the experiments of Iverson et al. (2010), such 
measurements were performed at the terminal part of an 
80 m long flume (Fig. 5). Pore water pressures close or 
equal to the total stress values were measured. It entails 
that the material is completely liquefied while propagating 
downslope. However, such high pore water pressures are 
dissipated during flow deposition. 

 
SPH modelling 
In this case, a large deformation framework is absolutely 
needed to reproduce the movement of the initial soil mass 
along the slider. However, the hydro-mechanical coupling 
of the soil is also fundamental. 

Among a series of approaches potentially applicable 
to this case, Cascini et al. (2016) selected a compromise 
solution approach based on the following: hydro-
mechanical coupled propagation approach; depth-
integrated formulation instead of a 3D model; Smooth 
Particle Hydrodynamics (SPH) numerical tool to ensure 
fast computation with good numerical accuracy. Details 
 

 
Figure 5 Photo of a 10 m3 debris flow tested in the USGS flume 
(from Iverson et al., 2010). 

about the used SPH formulation are given in Pastor et al. 
(2009). However, a SPH-FDM formulation (Pastor et al., 
2015) was also employed, which combines the SPH model 
with a 1D vertical FDM (Finite Difference Method) model 
for a more accurate evaluation of pore water pressures 
along the height of the flowing mass. Both formulations 
are available in the GeoFlowSPH code developed by Prof. 
Pastor and coworkers. In both models, a frictional 
rheological behaviour of soil was assumed with the pore 
water pressure computed separately. Fig. 6 shows the 
accurate reproduction of the measurements obtained 
along the slope at two different distances from the gate. 
Both the SPH and the SPH-FDM formulations were 
adequate to reproduce the observed behaviors. 
 
 
Landslide structure interaction: challenges for flows 

Experimental results 
Complementary to the previous debris flow flume 
experiments are those investigating the interaction of 
flows (dry or saturated) against walls, obstacles or 
structures, reproduced at reduced scale in flume or 
centrifuge tests.  

Song et al. (2017) performed a series of centrifuge 
tests with saturated granular materials initially stored into 
a tank and then released through a bottom gate. The 
material flows downwards very rapidly and impacts 
against a fixed, rigid wall. In some cases, the material stops 
behind the wall; in other conditions, the flow overcomes 
the wall; even combined modes are observed. In all tests, 
the time-trend of lateral pressure exerted against the wall 
is measured at five locations along the wall.  

This provides complete experimental evidence is for 
the so-called Landslide-Structure-Interaction (LSI). 

 
MPM modelling 
Modelling such complex behavior is not an easy task. It 
requires a formulation of large-deformations, a fully 
coupled hydro-mechanical approach, and efficient 
numerical algorithms to accurately reproduce such a 
dynamic problem (rapid propagation) and an impulsive 
action (impact against the wall).  

MPM modelling of these tests was proposed by 
Cuomo et al. (2021b) using a version of the Anura3D MPM 
code developed by Deltares (Delft, Netherlands), and a 
simple non-associative elasto-plastic constitutive model. 
Fig. 8 shows a time lapse where the material is extremely 
elongated, with the front part impacting the wall at about 
20 m/s and the rear part of the flow not yet having moved 
from away from the bottom of the tank. Such numerical 
result is consistent with the experimental measurements. 
Interested readers can find details about the calibration 
and validation of the modelling approach in Cuomo et al. 
(2021b). This demonstrates the capability of the numerical 
model to reproduce the complex geometrical 
configurations of the flow during the flow. 
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Figure 6 Experimental results versus numerical simulations. 
Measurements taken at 32 m (circles) and 66 m (triangles) from 
the gates. The mean values and standard deviation ( ) of the two 
set of measurements. Empty symbols: SPH model. Solid symbols: 
SPH-FDM model (modified from Cascini et al., 2016). 
 

On the other hand, it is worth noting that the 
experimental centrifuge facility can reproduce such high 
(realistic) velocities well for the flow-structure impact 
scenarios. 

The dynamic behaviour of landslides is well 
simulated by the numerical modelling and, interestingly, 
the time-trends of the LSI are also well captured. For 
instance, Fig. 9 shows the experimental values of the 
impact pressure over time at the base of the wall compared 
to the numerical results. In this case, three different 
hypotheses for the Ergun coefficient (Ergun, 1952), which 
regulates the non-linear contribution of the seepage 
velocity on the solid–liquid interaction forces (relevant in 
high porosity mixtures) are reported; and a negligible role 
of this factor is highlighted. In general, either the peak 
pressure or the subsequent drop over time is well captured 
by the modelling. 

 
 

Concluding remarks 

The paper has presented 4 selected cases of landslide 
physical models: 2 flume tests (one with a length of 2 m for 
triggering, and another 80 m long used for propagation); 
and 2 centrifuge tests (one with a length of 0.6 m for 
triggering at N=30 times the gravity acceleration, and 
another 1.2 m long used for landslide-structure-interaction 
at N=22). 

In all cases, the size of the model (although amplified 
by N in the centrifuge tests) is smaller than the real site 
conditions. Thus, some scale effects are expected in 
comparison to the real landslide behaviour.  

Another important issue is the high complexity of the 
(i) landslide model and (ii) numerical model. The former 
strongly depends on the quality (accuracy and readiness) 
of the sensors, and an adequate slope geometry 
simplification is relevant as well. The latter relies on an 

appropriate geomechanical framework (equations to be 
solved), a robust numerical technique and a sound 
constitutive or rheological soil model. 

Based on the experience achieved so far, two 
combined analyses seem particularly well suited. i) 
Detailed field investigations combined with traditional 
geomechanical analyses of groundwater seepage and slope 
limit equilibrium conditions are especially useful to 
establish landslide diagnosis and recognition. ii) A 
physical model combined with numerical analysis is the 
next step to corroborate the landslide mechanisms 
identified by the field evidence and the analyses from stage 
i). 
 

 
Figure 7 Centrifuge device used in the experiment of Song et al. 
(2017). All dimensions in millimetres. 
 

 
Figure 8 Example of velocity distribution for SL50 test run by 
Song et al. (2017). (Image modified from Cuomo et al., 2021b) 

 
Figure 9 Experimental measurements and simulated values of the 
pressure at the impact zone for the SL50 test run by Song et al. 
(2017) (modified from Cuomo et al., 2021b). 
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Abstract Predicting natural processes, such as rainfall-
induced landslides, is a problem of great importance. 
Every year, meteorological events trigger both superficial 
and deep landslides on many slopes, causing damage and 
victims. The study presented here focuses on the hydraulic 
and hydrologic issues that take place in an unstable slope 
under the rainfall infiltration. The mentioned studies are 
dealt through a physical modelling, a numerical 
simulation techniques, and through in situ experimental 
measurements. Our research is based on an integrated 
approach which, starting from the observation of the real 
phenomenon, reproduces the observed phenomenon in 
the laboratory and models it using an appropriate 
mathematical scheme. The in situ data refer to a 
monitoring station installed near the site where a large 
mudflow occurred. The physical model consists of 2 
connected, independently tilting flume branches 
(respectively designed to study landslide triggering and 
propagation), each 1m wide and 3m long. The flume is 
equipped with tensiometers for measuring soil water 
potential inside the slope, a Time Domain Reflectometry 
(TDR) system and probes for measuring soil volumetric 
water content, and laser transducers for measuring soil 
surface displacements in the direction orthogonal to the 
sliding plane. The analysed landslide-prone area is located 
in Campania (southern Italy), where disastrous mudflows 
occurred in May 1998, with many human casualties. The 
applications allow a better understanding of the role of the 
rainfall infiltration and pore water pressure changes in the 
triggering mechanism, and suggests how the porosity of 
the soils involved can affect the kinematic behaviour. The 
author believes that these changes must be carefully 
considered when assessing hazard levels, planning 
mitigation interventions regarding slope stability and 
designing future mitigation strategies for risk reduction. 

 
Keywords Laboratory flume tests, triggering model, 
hazard assessment 

 
 

Experimental Site 

Catastrophic mudflows often occur in mountains covered 
with volcanic soils. Some examples of these landslides are 

those that occurred in southern Italy, near the volcano 
Vesuvius and those that occurred in Mexico.  

In fact, significant rainfall-induced landslides have 
taken place in Mexico. In particular, in the Sierra Norte de 
Puebla, a mountain system in the state of Puebla within 
the transition of the physiographic provinces the Sierra 
Madre Oriental and the Trans-Mexican Volcanic Belt, 
these phenomena are recurrent (Flores and Alcántara-
Ayala 2002; Alcántara-Ayala 2004). Such recurrence 
derives from the physical characteristics of the territory, 
characterized by its exposure to hydro-meteorological 
events including tropical storms and hurricanes, but also 
due to the presence of mountain ranges with steep slopes 
and complex geology composed by sedimentary and 
metamorphic rocks overlaid by volcanic material such as 
ignimbrite and ash-pumice flow deposits (Alcántara-Ayala 
2004; Murillo-García and Alcántara-Ayala 2017) resulted 
from the activity of the Los Humeros caldera (Ferriz and 
Mahmood 1984). Owing to the vulnerability conditions of 
people living in these areas, disasters triggered by rainfall-
induced landslides are frequent in this region (Alcántara-
Ayala et al. 2017). The worst and latest episode took place 
in October 1999 in the municipality of Teziutlán. This 
municipality is located on a large plateau extent of a non-
welded pyroclastic deposit of ignimbrite type, 
characterized by a sandy texture and the presence of 
pumice fragments. In 1999, extraordinarily heavy rains 
associated with Tropical Depression N°11 in the Gulf of 
Mexico triggered a large number of landslides leading to 
the largest disaster in decades, with significant human and 
economic losses, including 263 fatalities (Bitrán 2000; 
Alcántara-Ayala 2004; Alcántara-Ayala et al. 2017).  

The instability of pyroclastic soils is one of the most 
topical and catastrophic problems involving also the 
Campania region (southern Italy). In this area, several 
volcanic eruptions of large complexes, i.e. Somma-
Vesuvius, Campi Flegrei and Roccamonfina, have occurred 
over the last 40,000 years (Rolandi et al. 2003; Di 
Crescenzo and Santo 2005). The resulting materials are 
spread over a large area around the City of Naples and the 
slope coverings are frequently affected by to rain-induced 
landslides. (e.g. Cascini et al. 2008; Revellino et al. 2008; 
Di Martire et al. 2012). In recent years, the scientific 
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community has been urged to study and investigate the 
instability of soils of pyroclastic origin covering the slopes 
around the Vesuvius area (Naples, Italy). In particular the 
Pizzo d’Alvano ridge has been analyzed, especially 
following the tragic landslide events of 5-6 May 1998 which 
killed 152 people. In this area the deposits are incoherent, 
varying in grain size from sands, silty sands and silts 
(ashes) to gravels and sands with gravels (pumices). In 
particular, the ashes show a rather variable degree of 
compaction, with porosity ranging from 0.5 to 0.75 
(Sorbino and Nicotera 2013). Along the slopes, the 
hydrogeological characteristics of the pyroclastic deposits 
are mainly related to the continuity of the ash and pumice 
layers, which affect the rainfall infiltration process.  

In the area described, the decision was made to 
install a monitoring station to study the infiltration 
processes responsible for triggering landslides. The station 
was installed in particular geological-stratigraphic and 
geomorphologic conditions. Specifically, the monitored 
site is located  in the upper part of the slope of Pizzo 
d’Alvano, near the relief known as “Torre Savaio” and close 
to some of the landslides that occurred in Sarno in May 
1998. This site is of particular interest because it represents 
an area that was not affected by the landslide events of 
May 1998 at Sarno and it represents, with good 
approximation, the pre-event hydrogeological conditions.  
 
Monitoring Station 
The monitoring station consists of 7 tensiometers and 8 
Time Domain Reflectometry (TDR) probes at different 
depths to measure suction ( ) and volumetric water 
content ( ), respectively. The sensors continuously record 
the state of the soil, taking systematic measurements every 
minute. The data is sent to a data logger at 10-minute 
intervals and can be downloaded directly on site or from a 

remote server. In addition to the sensors monitoring the 
ground conditions, a tipping rain gauge was installed to 
record rainfall events at the site. The station uses 
electricity from a battery which is recharged by a solar 
panel. The installation of the station was preceded by the 
construction of a hand-dug trench, approximately 2m 
wide and 2m deep. The TDR probes were pushed 
horizontally into the walls of the trench at various depths 
(depths indicated in Fig. 2). At the points where they 
emerged from the ground, the sensors were protected by 
concrete manholes.  

The cables were routed through a spiral pipe, which 
in turn was protected by a double-walled cable duct. The 
schematic of the monitoring station is shown in Fig. 1. 
Direct investigations carried out on site (exploratory pits 
and trenches) delineated the stratigraphy and thickness of 
the pyroclastic blanket, revealing the alternation of sandy-
gravelly pumices interspersed with silt-sandy-clay cineritic 
palaeosols. The stratigraphy and the levels affected by the 
installation of the sensors are shown schematically in Fig. 
2. 

The data recorded by the monitoring station for the 
hydrological year from 01.10.2015. to 30.09.2016. were 
analysed and an initial screening was performed, 
eliminating all "no-data" readings and all unreliable 
figures. Pairs of suction and water content measurements 
recorded at the same time at the same depths were 
correlated in order to construct the soil water retention 
curve. These values were interpolated with the 
mathematical formulation of the van Genuchten model 
curve (Van Genuchten 1980). Fig. 3 shows the pairs of 
suction and saturation degree values and the curve 
identified by their interpolation. The graph also shows the 
main imbibition and drying curves obtained from a 
laboratory test (Capparelli and Spolverino 2020). 
 

 
Figure 1 Monitoring station diagram. 
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Figure 2 Stratigraphy and the levels affected by the installation of the sensors. 
 

 
Figure 3 Pairs of suction and saturation degree values, the curve identified by their interpolation, and the main imbibition and drying 
curves obtained from a laboratory test. 

 
The curve obtained by interpolating the on-site data 

lies within the hysteresis formed by the two main curves. 
This was to be expected, since the data used to construct 
the curve refer to both periods of infiltration and drying. 
The result is therefore, an average water retention curve 
that takes into account both imbibition and drying 
processes.  
 
Physical model 

The physical model is a channel with a rectangular cross-
section that is homogeneous and constant along its entire 
length (Spolverino et al. 2019). The structure, supported by 
metal pipes, is 1 m high, 6 m long in total, divided into 3 m 

for the triggering and 3 m for the propagation, and 1 m 
wide. Fig. 4 shows the side and front views of the channel. 
Both the side walls and the bottom wall are made of 
transparent plexiglass panels to ensure that the movement 
can be both viewed and filmed during the landslide. On 
the flume bed it is possible to reproduce both an 
impermeable and permeable bottom-base. In the former 
case, an impermeable rough bed is laid, which acts as an 
interface with the test soil, consisting of a plastic sheet on 
which gravel grains are glued; in the latter case, a 
permeable geotextile or geonet is used. To hold the 
deposit, a draining grid is laid at the foot of the 
reconstructed slope.  



G. Capparelli, G. Spolverino, I. Alcàntara-Ayala et al. – Physical modelling investigation and integrated analysis of landslides for defining risk scenarios 

 

160 
 

  
 

Figure 4 Physical model: (a) side view; and (b) frontal view. 

Grids of different heights can be inserted according 
to the thickness of the reconstructed deposit. The grid is 
formed by a perforated metal sheet, on which a permeable 
geotextile is placed which permits drainage. Moreover, on 
the front part of the grid, transversal to the slope, small 
water collection channels can be mounted to measure 
both surface runoff and runoff from the individual soil 
layers. 

Artificial rainfall was applied with a 24-nozzle water 
particle sprinkler system, fed by a main 1000-liter tank and 
four 200-liter auxiliary tanks. The rainfall system 
integrates four pressure sensors and three auxiliary rain 
gauges. The arrangement of the nozzles was optimized so 
as to ensure rainfall uniformity, and minimize surface 
erosion and interference with the video system. The 
pressure range varies between 0.1 and 7 bar with an 
intensity that can vary according to the nozzles used. The 
maximum variation, for each nozzle, ranges from 0.28 to 
6.13 mm/h. 

In addition to the artificial rainfall system, further 
acquisition systems are installed which permit data 
collection with a series of sensors for a total of 48 channels 
from tensiometers, pressure transducer, laser sensors to 
detect the soil level, auxiliary sensors (inclination and 
pressure) and rain gauges. The individual sensors are 
placed in various positions and each may be positioned to 
operate on various measurement configurations and 
simulations. Finally, a series of motorized activation and 
control systems were installed, including pneumatic and 
hydraulic controls. The instrumentation in the artificial 
channel is able to measure the main parameters that 
control the physical phenomenon, thanks to the 
installation of the following equipment: 
- Tensiometers (used to measure soil suction); 
- Pressure transducers (used to measure pore water 

pressure); 
- TDR device (used to measure soil water content); 
- Rainfall system (used to simulate rainfall); 

- Laser sensors (used to measure the soil profile and uz 
displacements ); 

- High-resolution video cameras (used to measure 
displacements along ux and uy). 
This sensor system is essential for measuring and 

monitoring the main parameters that control and regulate 
the phenomenon of landslides triggered by rainfall 
infiltration.  

 
First test with homogeneous soil 
The pyroclastic soil used for the experimental tests was 
collected in the area of Sarno in southern Italy, about 15 
km from the volcano Vesuvius. In May 1998, in this area, 
large and rapid landslides devastated the town, causing an 
enormous number of victims. At these sites, the 
stratigraphy consists of limestones covered by layers of 
pyroclastic deposits.  

These soils are the product of different eruptions of 
more volcanoes like Somma-Vesuvius, Flegrei fields and 
other volcanoes present in the region that are no longer 
active. The ashes, coming out after the eruption and 
carried by the wind, travel for kilometres from the 
eruption zone, resulting in a non-uniform stratigraphy 
throughout the region (Del Prete et al. 1998; De Vita and 
Nappi, 2013; Cascini et al. 2008). Generally, they are 
incoherent deposits with variable granulometry, ranging 
from sands, silty sands and silts (ashes) to sands with 
gravel (pumice) and gravels. Inside the flume test, a 
homogeneous deposit of pyroclastic ash has been 
reconstructed, which can be attributed to the Plinian 
eruption of "Pollena" of 472 B.C.  

The slope was formed by a layer of volcanic ash 20 cm 
thick, occupied the entire width of the flume (100 cm) and 
was 150 cm long. This geometry allows the deposit to be 
assimilated to an indefinite slope. At the base of the model 
there was an impervious rough bed to simulate conditions 
similar to those of a natural slope. At the foot of the slope 
a geotextile-coated drainage grid was placed. 

a) b) 
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The ash in question was sieved with a 0.4 cm mesh to 
remove coarse contamination occurring during the 
sampling phase. The artificial slope was re-constituted 
inside the flume by layers with the moist-tamping 
technique, with volcanic ash porosity of between 68% and 

s 
about 20%. Inside the artificial slope, 12 tensiometers were 
installed to measure suction and six TDR probes to 
measure volumetric water content. The sensors were 
installed at depths of 5 cm, 11 cm and 17 cm below the 
ground surface, both in the upslope and downslope zones 
of the deposit. Three neutral pressure transducers were 
arranged on the flume bed, while four laser displacement 
transducers were installed to measure displacements 
perpendicular to the slope surface. Fig. 5 shows 
schematically the location of the sensors installed inside 
the deposit. Rainfall was generated by a sprinkler system 
placed about 100 cm above the sliding surface. The nozzles 
were arranged so as to ensure rainfall uniformity and avoid 
surface erosion. Several test stages were carried out: 
1. The first test was conducted with the deposit in a 

horizontal position. A constant rainfall of 
considerable intensity was simulated (about 220 
mm/h) for about 50 minutes. The test was performed 
to activate infiltration phenomena so as to stabilize 
the slope before tilting.  

2. The deposit was then left under natural evaporation 
for about 14 days, acquiring the values recorded by the 
various sensors. 

3. The slope was then inclined at 38° an exposed to 
evaporation for about 8 days to redistribute the 
suction values and water content in the new 
configuration. 

4. Finally, a new infiltration phase was simulated with 
constant rainfall at an intensity of about 220 mm/h, 
which lasted until slope failure (about 40 minutes).  
 

Test results 
During the various tests, values of suction and volumetric 
water content were acquired both in the upslope and 
downslope zones at different depths. Displacements 
perpendicular to the slope surface were also measured, 
produced by the variation in the tension state, and the 
water pressure on the flume bed. The final infiltration 
phase was initiated with inclined deposit, with a high-
intensity artificial rainfall (about 220 mm/h) to reach 
conditions that trigger a landslide along the artificial 
slope.  

The suction pattern during the last infiltration phase 
(Fig. 6) clearly shows that saturation conditions at many 
of the tensiometers are swiftly reached. It is also possible 
to note the moment in which the curves for tensiometers 
placed downslope at 5 cm and 11 cm of depth have a rapid 
variation in slope, that is when part of the slope is 
detached and a small surface landslide is triggered. Trends 
in soil volumetric water content are reported in Fig. 7. It 
appears evident, also in this phase of infiltration in a 
sloping channel, the progressive advancement of a wetting 

front from the top, although some differences are observed 
between the upslope and downslope zones where, perhaps 
due to the imperfect homogeneity of the spatial 
distribution of the artificial rainfall, but especially due to 
the subsurface flow parallel to the slope, the increase in 
water content appears anticipated. It should also be 
pointed out that all the TDR probes, despite there being 
absolute evidence that much of the deposit reaches 
complete saturation conditions, detected water content 
values between 50% and 55%. This is doubtless to be 
attributed to compaction experienced by the deposit 
during the previous test phases, which had led to a 
reduction in height from the initial 20 cm to around 18 cm, 
corresponding to a estimated reduction in porosity of 
around 10%. This graph also shows the moment in which 
a small landslide is detached, producing an abrupt change 
in the steepness of the curve for the TDR positioned in the 
most superficial part downslope. In this case the landslide 
 

 
Figure 5 Position of the sensors in section in test n.1. 

 

 
Figure 6 Time course of suction. 

 

 
Figure 7 Volumetric water content vs. time.
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brought the TDR to the surface and from this point on, the 
values measured by the sensor are no longer 
representative of the actual water content. 

Slope failure, consistent with the compacted 
configuration assumed by the deposit during the previous 
test phases, did not trigger a mud-flow. The instability 
took the form of a progressive erosion of the more 
superficial soil layers, initially and chiefly concentrated in 
the downslope zone, where the intense sub-surface flow 
resulted in conditions of greater moisture being reached 
and, at the same time, encouraged soil mobilization. The 
first local failures began to occur about 20 minutes after 
the beginning of artificial rainfall, and only after that did 
they extend so far as to affect the points in which some of 
the tensiometers and TDR probes had been installed.  

 
Second test with homogeneous soil 
A homogeneous deposit of volcanic ash was reconstructed, 
similar to that of the previous test: 20 cm thick, 60 cm wide 
and 270 cm long (Fig. 8). Also in this case, an impervious 
rough bed was placed, while a geotextile-coated drainage 
was placed at the foot of the slope. The porosity was 
between 68% and 76% and the volumetric water content 
of the ashes was about 20%. Inside the deposit, 12 
tensiometers were installed to measure the suction, and 7 
TDR probes to measure the volumetric water content. At 
the bottom of the flume, 6 pressure transducers were 
arranged, while 6 laser technology displacement 
transducers were installed to measure the displacements 
orthogonal to its surface of the slope. Fig. 8 shows the 
position of the sensors in section. Rainfall was generated 
by a sprinkler system placed about 100 cm above the 
sliding surface. The nozzles were arranged so as to ensure 
rainfall uniformity and avoid surface erosion. Various test 
stages were carried out: 
1. The first phase was performed with the deposit in a 

horizontal position simulating a constant rain of 50 
mm/h intensity for about 20 minutes, to activate 
infiltration phenomena so as to stabilize the slope 
before tilting it. 

2. Subsequently, the slope was inclined at 38 ° and left to 
evaporate for about 20 days, in order to redistribute 
the suction and water content values in the new 
configuration. 

3. Finally, an infiltration phase was carried out, 
simulating a rainfall with a constant intensity of 50 
mm/h, which lasted about 4 hours, until the slope 
failure. 

 
Test results 
The last infiltration phase with the inclined deposit was 
characterized by artificial rainfall with an intensity of 50 
mm/h. The evolution of suction during this phase until the 
slope failure is represented in Fig. 9. This shows that all the 
values recorded by the tensiometers tend to converge to a 
suction value equal to zero, which indicates the 
achievement of the saturation condition in the entire 
deposit. The values of the volumetric water content were 

measured with 7 TDR probes. The trends are shown in Fig. 
10 from which note the progressive advancement of the 
wet front from top to bottom. Differences can be observed 
between the upstream and downstream areas, presumably 
due to an imperfect homogeneity of the spatial 
distribution of rainfall, but above all due to the sub-surface 
flow parallel to the slope.  

From the graph it can be seen that failure phenomena 
occurred about 120-130 minutes from the start of the test. 
There was a detachment of a large area of the soil which 
caused the triggering of an evident mudflow (Fig. 11). In 
this test, in contrast to the first, there was a sudden 
detachment of the soil and the formation of a mudslide. 
This difference in behaviour is due to the greater porosity 
of the soil in the second test. 

This avoided the formation of volumetric collapse 
and therefore of soil compaction. We can therefore deduce 

 
Figure 8 Position of the sensors in section in test n.2. 

 

 
Figure 9 Time course of suction. 

 
 

 
Figure 10 Volumetric water content vs. time. 
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that these soils lead to the formation of mudslides only if 
they maintain a high porosity, otherwise the detachments 
will be minor and retrogressive in nature. 
 
 
Conclusions 

In this work, experimental data on site were presented, 
measured by a monitoring station installed in Sarno, in 
southern Italy. This area was affected by several mudflows 
in May 1998, causing a lot of damage and deaths. The 
suction values and saturation degrees recorded at different 
depths for an entire hydrological year were analyzed. Pairs 
of values of these quantities made it possible to define the 
water retention curves. It has been shown that the SWRC 
of these soils show a strong hysteresis between the wetting 
and drying phases. This aspect must be taken into 
consideration when performing numerical simulations 
aimed at defining the mechanical response of the slope. 

Two experimental tests performed with a physical 
laboratory slope model were also presented. In both cases, 
the deposits were homogeneous and composed of 
pyroclastic ashes. Tests were developed in different test 
stages: phases of rainfall infiltration and evaporation with 
horizontal deposit, and rainfall phases with the deposit 
inclined. The mechanical response of the deposits in the 
two tests was decidedly different. In the first test, the 
instability occurred in a form of small detachments of a 
retrogressive nature. In the second, however, there was a 
mudflow. This difference is due to the different porosity of 
the soil. In fact, in the second test, the rainfall and 
evaporation phases with the horizontal deposit lasted 
much shorter than in the first test. This avoided the 
phenomenon of volumetric collapse and thus the 
compaction of the soil. 

This experimentation is grounds for the study of 
pyroclastic soil samples from other areas such as Sierra 
Norte de Puebla in Mexico, with the aim of highlighting 
any similarities in behavior and response to rainfall 
infiltration. 
 

 
Figure 11 Detachment niche of the mudflow. 
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Abstract A large area close to the Somma-Vesuvio 
volcanic complex (Campania region, Italy) is covered by 
thin layered pyroclastic soils produced by successive 
explosive eruptions of the volcano, wind transportation 
and air-fall deposition. These soil layers can be found on 
very inclined slopes, their stability being ensured by the 
soils’ unsaturated conditions and related matrix suction 
(Cascini et al., 2014). Therefore, it is not surprising that the 
most superficial layers are often affected by rainfall-
induced slope instabilities that later originate high 
mobility debris flows or debris avalanches. Numerical 
modelling of the triggering phase of these phenomena is 
particularly complex due to the mechanical and hydraulic 
characteristics of the materials involved (Cascini et al., 
2013). This study examines the transient groundwater 
regime and the associated stability conditions within a 
relatively small but very steep slope (height difference 24 
m, average slope angle 38°) for which the stratigraphical 
and geotechnical characteristics of the soils are well 
characterized. The slope was affected by a debris flow that 
initiated in the topmost 2 m of soil at the end of a 4-day 
long rainfall event. Rainfall data recorded at a nearby rain 
gauge were used to impose the transient hydraulic 
boundary conditions at the ground surface, for a period of 
1 month prior to the instability. Given the role played by 
the partial saturation conditions of the soil layers, a series 
of coupled hydro-mechanical finite element analyses has 
been conducted, considering different schematizations of 
the stratigraphical settings in the topmost portion of the 
slope, to assess the role played by the soil water 
characteristic curves and the permeability functions 
adopted in the model for the different soil layers. The 
time-dependent stability conditions in the slope were 
assessed adopting the c-phi strength reduction technique, 
considering daily steps of the transient model. The results 
of the analyses provide indications on the level of 
stratigraphic detail needed to properly model the observed 
instability in the considered slope, as well as on the 
hydraulic properties that must be considered for the most 
superficial soil layers to effectively simulate the response 
of the slope to the rainfall conditions applied at the ground 
surface.  

 
Keywords shallow landslides, unsaturated soils, transient 
groundwater flow, numerical modelling 

Introduction 

Rainfall-induced landslides are common phenomena 
caused by intense and prolonged rainfall. Infiltration of 
rainfall water in the soil causes various complex 
mechanisms that may lead to the triggering of landslides 
such as: decrease of matrix suction; increase in water 
content and consequent increase in the unit weight of the 
soil; increase of porewater pressure and groundwater level, 
which in turn affect the shear strength of the soil. This 
study reports and discusses the results of a series of 
numerical analyses of the transient groundwater regime, 
and of the associated stability conditions, conducted for a 
steep slope covered by thin layered pyroclastic soils. 
 
 
Case study 

In this study a debris flow triggered by intense rainfall 
event has been analysed. The landslide phenomenon 
involved an approximately square area, about 30 m on 
each side, with 24 m vertical height difference between the 
landslide crown and a secant pile wall delimiting the 
natural slope (Fig. 1). The total volume mobilized is about 
1700 m3, with a slip surface about 2 m below the ground 
surface. After the triggering phase, a high velocity 
propagation stage developed and the landslide mass 
deposited downstream of the retaining wall, also hitting a 
residential building placed at the toe of the slope, breaking 
parts of its outer wall and completely filling its second 
floor. 

Fig. 2 presents rainfall data coming from a rain gauge 
located near the study site, part of the monitoring network 
of the regional civil protection. The figure shows the 
cumulative precipitation for the 19 hydrologic years (from 
September 1 to August 31) preceding the landslide, and for 
the year of the event. As it can be seen, the landslide occurs 
after a few days of significant rainfall, during a wet season 
that has been particularly rainy. 

 
 

Numerical model 

A series of fully coupled analyses have been carried out, 
using a commercial finite element software (Plaxis 2D), to 
investigate the seepage regime within the slope in 
response to rainfall, applied as a transient hydraulic 



L. Crescenzo, M. Calvello – Role of stratigraphy for rainfall-induced shallow instabilities in volcanic soils: a case study 

166 
 

 
Figure 1 Landslide geometry: orthophoto with dimensions and track of cross section (a); cross section (b) 

 

 
Figure 2 Cumulative precipitation recorded for 20 hydrologic years preceding the landslide event. 

 
boundary condition at the ground surface, and to 
consequently evaluate the factor of safety of the slope. 

The numerical model consists of 4,754 elements of 15-
nodes and 38,713 nodes. Fig. 3 shows the main 
characteristics of the numerical model. In particular: i) the 
upstream and the downstream contours are assumed 
impervious, since the secant pile wall does not have drains, 
and the horizontal displacements are constrained; ii) the 
lowest contour has been considered permeable; iii) a 
porewater pressure linearly increasing with depth has 
been assumed as initial condition at the bottom boundary; 
iv) the rainfall has been applied at the ground surface 
without considering any evapotranspiration effect. 

The transient seepage regime in unsaturated soils has 
been calculated solving numerically the Richard’s partial 
differential equation, that can be written as: 
 ( ) + ( ) = ( )  [1] 

 
 

 

where: k(h) is the unsaturated hydraulic conductivity, h is 
the water head, n is the porosity of the soil, and S is the 
degree of saturation. 

The hydraulic conductivity is function of the water 
content, which in turn depends on matrix suction. In the 
literature, numerous contributions have been proposed to 
assess the relationship between the water content and the 
matrix suction, known as Soil Water Characteristic Curve, 
hereinafter SWCC. In this study the van Genuchten SWCC 
and permeability function (1980) have been adopted: 
 ( ) = + ( )[ ( ) ]     [2] 

 ( ) = 1 1   [3] 

 
with 
 =      [4] 

a b
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and =      [5] 
 
where: Sr is the residual saturation, Ss is the degree of 
saturation at saturated conditions, Seff is the effective 
degree of saturation, krel is the relative hydraulic 
permeability coefficient (the ratio between the current 
hydraulic permeability and the saturated hydraulic 
permeability), ga, gn, gl, and gm are the fitting curve 
parameters with gm=1–1/gn, ’ is the effective stress,  is the 
total stress, u is the porewater pressure. 

The geotechnical parameters of the soil involved 
have been obtained from laboratory tests, whereas the van 

Genuchten parameters have been obtained from the 
granulometric characteristics of the soils (Tab. 1). 

To quantify the contribution of the shallow layer in 
terms of both seepage regime and slope stability 
conditions, three stratigraphical settings have been 
considered (Fig. 4). In particular, the Case 0 considers the 
extremely detailed stratigraphy of the in-situ findings. The 
second scheme (Case 1) refers to a simplified stratigraphy 
where all the shallow layers are merged into a unique 
cluster of homogeneous geotechnical characteristics. In 
Case 2 the topmost layer is explicitly modelled, yet a 
simplified stratigraphy below this layer is considered. 

   
Figure 3 Numerical domain with initial and boundary conditions, and calculation mesh. 

 
Table 1. Geotechnical properties of the involved soils. Legend: unsat is sat is 
the weight per unit of volume below the groundwater level, einitial is the initial void ratio, c’ is the effective cohesion, ' is the friction 
angle, Sres is the residual degree of saturation, Ssat is the saturated degree of saturation, gn, ga, gl are the van Genuchten parameters, ksat

is the saturated hydraulic conductivity. 

Parameter Silt with clay 
(deep) Silt with clay Silty sand Silt with 

grey sand 
Sand with 
yellow silt 

Topmost 
layer Fill material 

unsat (kN/m3) 14.1 14.1 14.1 12.6 12.8 12.8 16.5 

sat (kN/m3) 15.4 15.4 15.4 14.0 14.3 14.3 17.6 
einitial (-) 1.9 1.9 1.9 3.0 2.7 2.7 1.3
c' (kN/m2) 12.0 4.0 10.0 10.0 10.0 20.0 5.0 

' (°) 31.3 34.5 35.0 28.0 28.0 28.0 37.4
Sres (-) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
Ssat (-) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
gn (-) 2.8 2.8 2.9 3.0 2.9 1.3 2.7 
ga (1/m) 0.2 0.2 0.4 0.6 0.45 1.0 0.35 
gl (-) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
ksat (m/d) 1.0E-03 1.0E-03 4.0E-01 3.0E-02 2.0E-01 3.5E+00 3.0E-01 
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Figure 4 Stratigraphical settings considered.

 
 
Results 

The effects of the rainfall on the slope have been analysed 
monitoring the variation over time of the factor of safety 
of the slope, as well as the porewater pressures at certain 
points inside the domain. 

The factor of safety has been evaluated adopting the 
c-phi reduction technique, thus the positions of the critical 
slip surface is automatically detected within the domain at 
each time step. Concerning to the porewater pressures, 
data from several points have been recorded, yet for the 
purposes of this study only the following two points, along 
a vertical at 24.6m on the x-axis, will be considered: A, at 
the base of the topmost layer, and B, at the base of the silt 
with grey sand layer. Fig. 5 shows the variation of both the 
factor of safety and of the porewater pressures over time, 
in response to the rainfall applied at the ground surface, in 
all the three cases considered. The safety conditions 
worsen in three moments of the considered period, due to 
the presence of three picks on the porewater pressure 
curves, which are in turn a consequence of three intense 
rainfall periods. 

Comparing the results of three stratigraphical 
settings examined, one can notice that Case 0 and the Case 
2 are very similar in terms of factor of safety. They reach 
the critical conditions on the 31st day of analysis, for which 
the porewater pressures in the monitored points coincide. 
Differently, Case 1 is extremely sensitive to the rainfall 
applied. In fact, the slope in this case is already unstable 
on the 21st day of the analysis, when the porewater 
pressures reach the maximum possible value in both 
monitored points.  

The results show that considering a simplified 
stratigraphy in the intermediate depth does not influence 
the results significantly, whereas the presence in the 
model of a shallow layer is fundamental for correctly 
predicting the triggering of the slope. 

From Case 2, another series of three simulations has 
been carried out changing the hydraulic parameters of the 
topmost layer only (Fig. 6). In these cases, the response of 
the system is extremely different from the previous ones 
and is function of the value adopted for the SWCC. In 
particular, in Case 2b and Case 2c the changes of the factor 
of safety are negligible, despite the application of the 
rainfall boundary conditions, in contrast with the evidence 
of the slope becoming unstable at the end of the 
considered period. This is due to the value assumed for the 
air-entry value of the SWCC (governed by parameter 
ga=0.45/m), approximately double the base case 
(ga=1.0/m). For Case 2a, only the gn parameter has been 
changed compared to Case 2, reducing it of about 30% 
(from 2.9 to 2.1). In this case the results show, as expected, 
a certain sensitivity of the factor of safety to the imposed 
rainfall even, although the slope appears still stable at the 
end of the analysis (the factor of safety is about 1.3).  

It is worth noting that Case 1 and Case 2c are different 
only for the value assumed by the saturated hydraulic 
conductivity of the topmost layer, yet the porewater 
pressure regime is completely different in the two cases 
(see Figures 5 and 7). This is due to the higher capability 
of the shallow layer to drain the water flow coming from 
the rainfall in Case 2c, combined with a lower capability 
for the water to seep towards deeper layers considering the 
value assumed by ga. In other words, the topmost layer 
behaves as a “drain interface” between the atmosphere and 
the deeper layers, thus significantly reducing the flow rate 
that is able to reach the deeper strata. Therefore if, as in 
this case, the topmost layer is also characterized by higher 
strength parameters, the factor of safety of the slope 
becomes essentially insensitive to the rainfall conditions. 

 
 

Conclusion 

In this study, the triggering phase of a debris flow in 
pyroclastic soil has been numerically modelled employing 

 

Figure 5 Trend over time of the factor of safety (a) and the porewater pressure (b) for the three cases considered. 
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Figure 6 Parametric analysis from Case 2 considering different hydraulic parameters of the topmost layer: increasing parameter gn (Case 
2a); decreasing parameter ga (Case 2b); combination of both changes (Case 2c). 
 

 

Figure 7 Results of parametric analysis from Case 2: factor of safety (a) and porewater pressures (b). 
 

 
fully coupled finite element analyses. The soils involved 
lied on a very steep slope and mobilised at the end of a 
significant rainfall period. The parametric analyses 
conducted, starting from a “base case” analysis in line with 
the in-situ evidence, highlight the importance of an 
adequate hydraulic characterization of the shallow soil 
layers. Indeed, the partial saturation conditions of these 
soils affect considerably the transient porewater pressure 
regime in response to rainfall applied as a boundary 
condition at the ground surface. It is important to stress 
that the soil-atmosphere interaction has not be taken into 
account in this study, although the authors are well aware 
that it can play a fundamental role for rainfall-induced 
landslides, especially for long term analyses (Tagarelli and 
Cotecchia, 2020). 
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Abstract Despite the considerable progress made in 
recent decades, there is still a need for a deeper 
understanding of the physical processes, mechanisms and 
crucial factors that lead to rainfall-induced landslides. 
With ongoing climate change affecting the frequency and 
intensity of meteorological extremes, and the imperatives 
of continuous urban expansion undoubtedly influencing 
the frequency and magnitude of landslides, it is no 
coincidence that the issue of rainfall-induced landslides 
has received increasing attention from both the scientific 
community and landslide practitioners in recent decades. 
Close observation of the hydromechanical response of 
slopes exposed to different rainfall loads plays a crucial 
role in understanding the driving mechanisms and factors 
affecting rainfall-induced landslides. In combination with 
appropriate monitoring techniques, small-scale physical 
landslide models can provide accurate insight into the 
relevant variables under precisely controlled initial and 
boundary conditions. This paper presents a model 
platform for physical modelling of scaled slopes under 1g 
rainfall infiltration conditions, developed at the Faculty of 
Civil Engineering, University of Rijeka, Croatia, within the 
four-year research project "Physical modelling of landslide 
remediation constructions' behaviour under static and 
seismic actions". Some of the main features of the model 
platform and the materials used for testing are described. 
Special attention is given to the sensor network that allows 
precise monitoring of soil moisture and pore water 
pressure in a scaled slope during rainfall simulation. 
Finally, two interesting examples of monitoring data are 
singled out and analysed with working frameworks 
relevant to the study of scaled slope models exposed to 
rainfall. 

 
Keywords physical modelling, scaled slopes, landslides, 
rainfall, hydraulic monitoring, sensors 
 
 
Introduction 

Landslides are one of the most common geological 
hazards, usually caused by intense and/or prolonged 
rainfall. With the ongoing climate change, the continuous 
expansion of urban areas and the development of 
infrastructure, the increasing interaction between humans 

and landslides seems inevitable. It is therefore no 
coincidence that the issue of rainfall-induced landslides 
has received increasing attention from both the scientific 
community and landslide practitioners in recent decades. 

Despite considerable efforts and progress in 
understanding the physical processes and mechanisms 
responsible for triggering rainfall-induced landslides, the 
issue remains an important topic for the landslide 
scientific community. Complex physical processes 
controlling the hydro-mechanical response of slopes 
during transient infiltration of rainfall, highly non-linear 
material properties and spatial variations of the soils 
involved, quantification of time-dependent boundary 
conditions, associated hysteresis effects exhibited by the 
soil as a function of flow direction, and strong spatial and 
temporal variations in rainfall characteristics are just some 
of the aspects contributing to the complexity of the 
problem. 

Various approaches have been successfully used to 
study the hydraulic response and failure mechanisms of 
landslides triggered by a rainfall. For example, numerical 
models have been used to investigate how different factors 
affect the stability of both shallow and deep-seated 
landslides (e.g., Casagli et al. 2006; Rahimi et al. 2011; 
Comegna et al. 2013; Leung and Ng 2013; Cascini et al. 2014; 
Lollino et al. 2016; Hinds et al. 2019; Kang et al. 2020; 
Marino et al. 2021  Field monitoring has 
been successfully used to observe the hydraulic and 
mechanical response of slopes in different geological and 
climatic contexts (e.g. Greco et al. 2013; Springman et al. 
2013; Bordoni et al. 2015; Leung and Ng 2016; Chen et al. 

. Particularly 
valuable data have been obtained from field experiments 
on instrumented slopes exposed to artificial rainfall or soil 
moisture increase conditions (e.g. Krzeminska et al., 2014; 
Rahardjo et al., 2005; Sitarenios et al., 2021; Springman et 
al., 2013; Sun et al., 2021; Zhang et . Various 
laboratory devices have provided useful information on 
the hydromechanical behaviour of soil samples tested 
under conditions similar to those found on field slopes 
during rainfall infiltration (e.g. Casini et al. 2013; Cuomo et 
al. 20 . 

While size effects, problems associated with taking 
and testing intact soil samples, and stress conditions and 
loading paths that cannot fully replicate field conditions 
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are often highlighted as major shortcomings of laboratory 
sample-size experiments, the interpretation of data from 
large-scale field experiments can also be complicated by 
complex soil profile conditions, difficulties in installing 
monitoring equipment, introducing preferential water 
flow paths into the slope, etc. Testing small- or large-scale 
physical landslide models is an additional useful approach 
that allows accurate observation of the hydraulic and 
mechanical responses of a slope under precisely controlled 
initial and boundary conditions. In combination with 
advanced monitoring techniques and appropriate sensor 
networks, they have been successfully used, for example, 
to study the infiltration process, landslide initiation and 
the propagation phase of landslides triggered by artificial 
rainfall under 1g conditions (e.g., Moriwaki et al. 2004; 
Take et al. 2004; Tohari et al. 2007; Damiano et al. 2017; 

.  
This paper presents a model platform for physical 

modelling of small-scale slopes under 1g rainfall conditions 
developed at the Faculty of Civil Engineering, University 
of Rijeka, Croatia. The main features and capabilities of the 
model platform are described, with particular emphasis on 
the advanced sensor network that enables precise 
monitoring of the hydraulic response of scaled slopes 
under simulated rainfall conditions. Two examples of 
monitoring data are presented and analysed with working 
frameworks relevant to the study of scaled slope models 
initiated by rainfall. 

 
 

Physical model 
One of the main objectives of the four-year research 
project "Physical modelling of landslide remediation 
constructions' behavior under static and seismic actions", 
which started in October 2018 at the Faculty of Civil 
Engineering, University of Rijeka, Croatia, was to develop 
platforms that enable the study of small-scale physical 

compare the responses of scaled slope models that are 
built of different soil types and geometric conditions, with 
and without remediation measures, exposed to different 
loading conditions. It was expected that the results 
obtained would provide useful data that could be used to 
predict the behaviour of real-scale slopes and to improve 
design procedures and the selection of appropriate 
landslide remediation measures. 

The physical model for testing small-scale soil slopes 
under 1g rainfall infiltration conditions considered in this 
paper was developed to enable the triggering of landslides 
by an 
miniature pore water pressure  and soil moisture 
sensors allows observation of the hydraulic response of the 
scaled models, while suitable photogrammetric 
equipment and accelerometers allow measurement of 
displacements during a test. The model consists of several 
main parts, which are briefly described in the following 

in al. 
(2020  Jagodnik et al. (2021  ( . 

The model platform itself consists of steel elements 
and plates with transparent plexiglass side walls that allow 
the advancement of the wetting front and the onset of 
displacement to be observed during the experiment. Three 
basic steel segments, 1 m wide and 0.3 m, 1.4 m and 0.8 m 
long, form the upper, middle and lower parts of the 
platform respectively. The joint connections and 
adjustable height of the upper part allow the models to be 
built with different inclinations from 20 to 45 degrees. The 
geogrid attached to the bottom of the platform prevents 
the soil from sliding along the impermeable steel plates 
during the test. Liquid rubber and silicone are used to seal 
small gaps between plexiglass walls and perforations in the 
structure to ensure that the model is watertight during a 
test. Drainage pipes inserted through the plexiglass in the 
lower part of the model allow the water level to be 
controlled during the test and the water to be drained after 
the test. The empty platform before the installation phase 
is shown in Fig. 1a. 

 
Model construction and soil properties  
The platform is suitable for any soil type and installation 
at any predefined conditions in terms of initial density and 

laboratory methods commonly used to install soil samples 
in conventional soil testing laboratory equipment can be 
used to create the model at the desired density or moisture 
content. 

The results presented in this study were obtained on 
two different soil materials, which are described in the 

-grained sand was used as the base 
 

 

 
Figure 1 D The empty 
model Compaction of the soil material and 

Scaled slope model 
with installed measuring instruments before the start of the test. 

a) b) 

c) 
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soil and the 
obtained by adding 15% by weight of kaolin clay to a clean 
sand (hereafter referred to as SK15 The clean sand was 
installed at 50% of the relative density (Dri  and at 2% of 
the initial moisture content (wi , while the Dri and wi were 
75% and 8.1% for the SK15, respectively. For both soil 
materials, Ladd's method of under-compaction (Ladd 

 was used to construct 30 cm deep slope models. This 
involved compaction of 5 layers of soil, each 6 cm high, and 
attempting to achieve as homogeneous conditions as 
possible in terms of density and soil moisture distribution 

.  the model was built, the entire model was 
covered with nylon to prevent excessive drying due to 
evaporation until the start of the test . Tab. 1 shows 
the basic soil properties of the previously described soils. 

 
Rainfall simulator 
In addition to the hydraulic properties of the soil, the 
rainfall characteristics play a decisive role when it comes 
to rainfall-induced landslides. The development of the 
rainfall simulator that meets the specific requirements of 
the Project was an important step in the early stages of 
developing a small-scale physical landslide model. In 
particular, the ability to apply a wide range of rainfall 
intensities depending on the soil material tested and the 
specific objectives of the experiment, sufficient spatial 
uniformity of the simulated rainfall and the ability to 
modify rainfall patterns and characteristics, preventing 
excessive erosion due to raindrop impact forces (which are 
closely related to the diameter of simulated raindrops, 

ity of 
the rainfall simulator due to its possible use not only with 
the platform for testing under static conditions but also 
under dynamic conditions, and the limited budget 
available for the construction of the simulator were the 
main considerations in the design and construction of the 
rainfall simulator. 

The rainfall simulator developed consists of three 
independent branches that deliver water from the main 
control block to the spray nozzles. The main control 
 
Table 1 Basic soil properties of sand and sand with 15 % kaolin by 
mass (SK15 with the target initial conditions. 

Parameter (unit)  
Material 

Sand SK15 
Specific gravity, Gs 2.70 2.67 
Effective particle size    

D10 (mm) 0.19 0.056 
D60 (mm) 0.37 0.207 

Uniformity coefficient, cu 1.95 54.11 
Minimum void ratio, emin 0.64 0.54 
Maximum void ratio, emax 0.91 1.43 
Hydraulic conductivity, ks (m/s) 1.0E-05 3.5E-06 
Friction angle,  ( ) 34.9 31.8 
Cohesion, c (kPa) 0 4.4 
Initial porosity, ni 0.44 0.43 
Initial relative density, Dri 0.50 0.75 
Initial water content, wi (%) 2.0 8.1 

block is connected to a water supply and consists of the 
control units that regulate the intensity and work of the 
rainfall simulator, such as pressure regulators, 
manometers, flow meters, filters, etc. High-density 
polyethylene pipes convey the pressurised water from the 
control block to three sprinkler branches, which are 
adjustable in height and equipped with various spray 

the reference pressure of 2 bar, the 
axial-flow full-
intensities ranging from less than 30 mm/h to more than 
150 mm/h. The setup can be easily modified to achieve any 
other desired rainfall intensity or pattern. 

 
Monitoring equipment 
The monitoring equipment can be divided into two main 

photogrammetric equipment for multitemporal landslide 
analysis . of image sequences obtained 
from a pair of high-speed stereo cameras  
and terrestrial laser scanning and structure-from-motion 

determination of the surface model of the slope in the pre- 
and post-failure phase 
monitoring system consisting of a network of miniature 
sensors to measure changes in soil moisture, pwp, soil 
temperature and electrical conductivity, displacements, 
etc. 

l, non-contact 3D 

entire workflow from taking measurements to analysing 
-

megapixel and two 12-megapixel high-speed cameras is 
used for multitemporal analysis of landslides from 
captured stereo image sequences. The system allows 
continuous monitoring of the 3D coordinates of reference 
points through all stages of the activity of scaled landslide 

- 
resolution 3D model surface before the start and at the end 
of the test. The scanner uses phase shift technology to 
accurately determine the relative 3D position of the 
 

 
Figure 2 Simulated rainfall with an intensity of 23 mm/h with a 
detail of the sprinkler branch with axial flow full-cone nozzles. 
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Table 2 Technical characteristics of full-cone nozzles used to 
simulate rainfall: s

. 

Spray 
angle Type 

v (l/min) 
p (bar) 

1.0 2.0 3.0 5.0 
60° 490.404 0.76 1.00 1.18 1.44 
60° 490.444 0.95 1.25 1.47 1.80 
60° 490.484 1.21 1.60 1.88 2.31 
60° 490.524 1.52 2.00 2.35 2.89 
90° 460.524 0.30 0.40 0.47 0.58 

 
scanned points, while reference points are used to overlap 
the scanned areas and define the relative coordinate 

-wide angle 
- -20 lens is used for the SfM 

photogrammetry survey of the physical models. This 
technique allows the creation of 3D models from multiple 
overlay images taken at different triangulation angles. Fig. 
3 shows the mentioned equipment, a detailed technical 
description can be found in . 

The geotechnical monitoring system consists of a 
complex network of miniature sensors equivalent to the 

connected to data loggers that allow continuous data 
collection of soil moisture, positive pwp and soil suction, 

the focus of this presentation is on 
the role of hydraulic monitoring of scaled slopes, the 
measuring devices are described in more detail in the 
following section. 
 
 
Equipment for monitoring the hydraulic response 

l response of 
scaled slopes under controlled initial and boundary 
conditions provides valuable information on the variables 
controlling the instability phenomena of rainfall-induced 
landslides. The development of a suitable sensor network 
for the test conditions and the selection of appropriate 
measurement techniques are therefore crucial steps in the 
development of small-scale physical landslide models. 

The following part describes the main components 
that make up the hydrological monitoring system of the 
physical model. There were several requirements that 
were considered in the selection of the measurement 
equipment. Firstly, information on soil moisture and 
changes in pwp had to be available at appropriate time 
intervals, which necessitated the use of digitised sensors in 
combination with suitable data loggers. Secondly, the 
Project envisaged testing a wide range of soils, from sand 
to clay. Therefore, the selected measurement equipment 
had to be able to cover a wide measurement range 
occurring in different soil textures, while ensuring 
sufficient precision, resolution, and responsiveness. 

 

 
Figure 3 Geodetic monitoring 

r and a detail of the 
position of the reference sphere. 

The solution was found in the capacitance-based soil 
water content sensors, which provide rapid detection of 
changes in soil for a wide 
range of soil textures and conditions, and in the 
simultaneous use of mini tensiometers for rapid 
measurement of pwp and matric suction values within the 
measurement range of standard tensiometers. The soil 
water potential sensors based on the dielectric constant 
measurement method were intended for measurements in 
soils 
consideration concerns data redundancy: data had to be 
collected simultaneously at several depths and along 
different profiles in order to obtain a complete picture of 
the temporal-spatial evolution of the different variables 
during the experiment. Finally, the chosen monitoring 
equipment should be used in both the small-scale physical 

s. 

a) 

b) 
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Sensors for measuring the water content of the soil 
The TEROS 10 and TEROS 12 are soil moisture sensors 

VWC of porous materials. Both sensors are based on the 
capacitance method for predicting the amount of water in 
the soil based on the electrical properties of the soil and 
the calibration procedure proposed by . 

to measure the apparent dielectric permittivity a of the 
soil. The sensor delivers an oscillating wave to sensor 
needles that charge according to the dielectricity of the 
material. The charging time is proportional to the 
dielectricity of the substrate and the VWC of the substrate 
(TEROS 10 manual
time, a microprocessor outputs 
based on the substrate a. Finally, a calibration equation 

VWC values. The high measurement frequency ensures 
insensitivity to variations in soil texture and 
electromagnetic conductivity (TEROS 10 manual
tests, a generic calibration equation from the 
manufacturer for mineral soils was used to predict VWC, 

 
 = 4.824 10 1.222 10      +       2.855 10 2.154   [1] 
 

For  outputs from the METER data logger, the 
apparent dielectric permittivity can be used to determine 

 
 = 1.054 10 .    [2] 
 

TEROS 10 has a VWC range for mineral soils of o.00-
0.64 m3/m3 with a resolution of 0.001 m3/m3 and an 
accuracy of ±0.03 m3/m3 in mineral soils with a solution 
EC<8 dS/m (TEROS 10 manual . On the other hand, 
TEROS 12 has a slightly larger VWC measurement range 
(0.00-0.70 m3/m3 the same resolution and accuracy 
as TEROS 10. The temperature range for TEROS 12 is -40 
to 60 , with a resolution of 0.1  and a measurement 
accuracy of 1 . The measuring range of the TEROS 12 
for total electrical conductivity is 0-20 dS/m with a 
resolution of 0.001 dS/m and a measuring accuracy of ±3% 
(TEROS 12 manual The volume of the measuring 
sensitivity of the TEROS 12 with 1010 mL is significantly 
larger than the measuring volume of the TEROS 10 with 

etails on the 
installation and calibration of the sensors. 
 

 
Figure 4 Influence volume for VWC measurements with TEROS 
10 (left  sensors (TEROS  

 
Figure 5 Installation of TEROS 10 during model build-up 
and calibration for clean sand. 

 
Sensors for measuring the water potential of the soil 

tensiometers with vacuum gauges (IR - and 

purchased to measure soil water potential, depending on 
project needs and available funds. The non-digitised 
standard tensiometers IR -45 (Irro

already purchased in the initial phase of the Project and 
used for the first test on clean sand . The TEROS 
32  and TEROS 31 digitised tensiometers 
(METER Group, 
the Project and used with ZL6 data loggers from METER 
to continuously record measurements at time intervals of 
up to 1 minute in other soil materials. The TEROS 21 

sed in 

tensiometers. In addition to good hydraulic contact of the 
ceramic with the surrounding soil, which is necessary for 
accurate measurement of all the above sensors, the 
tensiometers must be appropriately conditioned before 
insertion into the soil to achieve the full measuring range 
and a fast response during the equilibration phases. 

TEROS 21 is a maintenance-free matric potential 
sensor designed for long-term, continuous field 
measurements (TEROS 21 . It uses a similar 
approach as the VWC sensors TEROS 10 and TEROS 12: 
The sensor measures the a of a solid matrix (porous 

a 
of porous ceramic discs strongly depends on the amount 
of water present in the pore spaces and the porous ceramic 
discs tend to reach a hydraulic equilibrium with the 
surrounding soil, the measured water content of the solid 
matrix is used to determine the water potential of the soil 
based on a known soil water r
porous stones. 

The measuring range for the water potential of the 
TEROS 31 mini-tensiometer is -85 to +50 kPa with a 
resolution of 0.0012 kPa and an accuracy of 0.15 kPa. 
It also provides temperature measurements in the range of 
-30 to +60  with a resolution of 0.01  and an accuracy 
of 0.5 . The TEROS 21 has a measuring range of -9 to -
100 000 kPa for water potential and -40 to 60  for soil 
temperature. 
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Figure 6 Standard, non-digitised IR and T1 tensiometers; 
preconditioning of TEROS 32; and TEROS 31 tensiometers. 

 
 

Examples of measurement and data analysis 

This section presents some examples of hydraulic 
monitoring results for different soil materials, geometric, 
initial and boundary conditions. The results are 
interpreted in the context relevant to the study of the 
mechanisms and factors driving the instability of rainfall-
induced landslides. For two different soil materials and 
tests, particular details were singled out and discussed in 
detail. 

 
Example 1: Initiation of a sandy slope due to the rise of the 
groundwater level (GWL) 
The first example considers the case of the initiation of a 
scaled slope built of clean sand with a slope of 35°, 
subjected to a constant rainfall intensity of 72.6 mm/h 
until the occurrence of the first instability in the form of a 

first slide, further instabilities developed in the form of 
retrogressive slides up to the top of the slope. Fig. 7 shows 

minutes after the start of the rainfall, when the first traces 

of GWL reaching the surface in the central part of the base 
are visible (yellow square in Fig. 
the start of the rainfall, when the entire base is submerged 

, when the first small rotational landslide occurs at the 
 

For the same test, the VWC values measured with 
TEROS 10 and TEROS 12 sensors at the base of the model 

te 
that the GWL reaches the sensors installed at 24, 18 and 12 
cm after about 23, 39 and 41 minutes, respectively. The 
readings become constant (indicating saturated 

48 minutes at a depth of 6 cm, which is exactly in line with 
the observations during the experiment and timing 
reported in Fig. 7. This indicates that, despite certain 
deviations in the absolute reading values, which could be 
due to various reasons such as requirements on the 
calibration procedure of each sensor, different readings of 
the TEROS 10 and TEROS 12 sensors or different soil 
densities achieved around the moisture probes, or unequal 
conditions in terms of contact and presence of gaps 
between the surrounding soil and the needles of the 
sensor, can provide useful data on the trend of soil 
moisture increase in general, providing information on the 
saturation state during the infiltration process. 
 

 Hydraulic pathways and a reduction in the shear 
strength of the soil due to infiltration 
The second example deals with the hydraulic paths and 
stress states experienced by the scaled 40° slope of SK15 
material under simulated rainfall conditions. In this test, 
the continuous rainfall intensity of 20.5 mm/h was 
interrupted by 10-minute breaks to observe the hydraulic 

 
The numerical markers in Figs. 9 to 12 serve as 

reference points to follow the course of the experiment 
and the simulated rainfall conditions when the data are 
presented in different forms and planes. The number "1" 
marks the beginning of the experiment, i.e. the start of the 
rainfall simulation for the first 30 minutes. The numbers 
"2" and "3" mean that all three nozzles are closed and that 
the rainfall is stopped for 1
rainfall simulation continues for the next 30 minutes with 
the same intensity as in the previous phase of the test. The 
number "4" represents the start of another 10-minute 
rainfall break. Finally, the number "5" indicates the point 
in the test where the end has been declared and the rainfall 
simulation has ended. 

For the sake of brevity, the hydraulic path in Figs. 10 
and 11 is shown only for one monitoring point (M-
located at 6 cm depth in the middle section of the model 
(M-profile - the same analogy as in Example 1 is used, i.e., 

pair of TEROS 10 and TEROS 31 sensors, both the changes 
in pwp 
throughout the test. 

a) b) 

c) 



Proceedings of the 5th Regional Symposium on Landslides, Rijeka, 2022
 

177 
 

 
Figure 7 : t the beginning of the test with measurement profiles in 

of GWL reaching 
The first sm  

 

 
Figure 8 VWC values measured with TEROS10 and TEROS12 

 section of the model at 6, 12, 18 and 24 cm 
depth in Example 1. 

Fig. 12 shows how infiltration of rainfall affects the 
shear strength of the soil by reducing the effective stresses 
at measurement point M-6. The initial stress state and 
corresponding shear strength, located on the right-hand 
side of the path, reflect the soil moisture conditions at the 
start of the test, most of which are reached during model 
construction and kept constant until the start of the test. 
With the onset of rainfall infiltration, the VWC increase 
and dissipation of the matric suction take place in the form 
of a transient process (Fig. 10; "1"- a simplified 
assumption is made that capillarity is the only retention 
mechanism, a reduction in effective stress during rainfall 
infiltration can be quantified from the VWC and pwp 
values observed during the experiment, using, for 
example,  
 = + ( )   [3] 
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Figure 9 Simulated rainfall in Example 2. 

 
Figure 10 Pwp 

 

 
Figure 11 Hydraulic response in log(
measuring point M-6 during the test in Example 2. 
 

effective degree of saturation. For the residual VWC set to 
 = 0.05 m3/m3 (an assumption based on observations 

from other tests on SK15 soil material
VWC is set to = 0.3 m3/m3 (according to the VWC 

stress path shown in Fig. 12. Movement from right to left 
indicates that the matric suction is dissipating, and 
saturation is increasing. The cross on the left side of the 
path indicates the effective stress at the observed point at 
the beginning of the test, without taking into account the 
correction of the effective stress for unsaturated soil 
conditions, i.e., as defined in Terzaghi's effective stress 
equation. 

Discussion and concluding remarks 

This paper presented a newly developed platform for 
physical modelling of small-scale slopes under 1g rainfall 
conditions, developed at the Faculty of Civil Engineering, 
University of Rijeka, Croatia, as part of a four-year research 
project "Physical modelling of landslide remediation 
constructions' behaviour under static and seismic actions". 
The main features of the platform and its main 
components, namely the monitoring equipment and the 
rainfall simulator, as well as the characteristics of the soil 
materials used for the construction of the scaled slopes are 
presented. Since the focus of the paper was on monitoring 
the hydraulic response of scaled slope models, special 
attention was given to the sensor network that allows 
monitoring soil moisture and pore water pressure changes 
during rainfall simulation. 
obtained through the various research activities of the 
Project, two interesting examples were singled out to 
analyse hydrological monitoring data in the context of 
instability mechanisms of scaled slopes exposed to 
simulated rainfall. 

The first example showed how monitoring changes in 
soil moisture can provide accurate (apparently also 

moisture content increase during the different phases of 
transient infiltration as well as the subsequent GWL rise. 
These results are placed in the context of the initiation of 
a scaled sandy slope due to the GWL rise. The data on the 
observed hydraulic response, known initial and boundary 
conditions can be used as valuable tools for establishing 
relationships in a scaled slope model, an investigation of 
the conditions and mechanisms leading to slope failure. 

In the second example, the hydraulic paths exhibited 
by the scaled slope of a sand mixture with 15% kaolin 
content during a simulated rainfall were investigated. The 
results show how simultaneous observation of VWC and 
pore water pressure, when embedded in appropriate 
working concepts, can provide valuable insights into the 
hydraulic paths and effective stress states experienced by 
the model during tightly controlled infiltration conditions 
during rainfall. Results interpreted in the log (u u ) vs. 
VWC plane for the monitored point indicate that the soil 
exhibits hysteresis effects as it undergoes multiple drying-
wetting cycles (e.g., points 2-3-  
 

 
Figure 12 
point M-6 undergoes during the rainfall infiltration from the 
Example 2. 
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the possibility of using small-scale physical slope models 
to investigate the role of hydraulic hysteresis effects on the 
behaviour of slopes under different rainfall patterns, in 
general. 
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Digital image correlation and the use of high-speed cameras for 3D 
displacement monitoring in 1g small-scale landslide models 

(1), Josip (1), Vedran Jagodnik(1), Sara (1), Martina Vivoda Prodan(1), 
(1) 

1) (nina.ceh@uniri.hr) 

 

Abstract Small-scale physical models of landslides 
triggered by rainfall and seismic conditions provide a good 
insight into the initiation and progression of full-scale 
landslides in nature. In order to track and document the 
displacements on the surface of the small-scale model, a 
digital image correlation-based optical measuring system 
with high-speed cameras is used here. Each model is 
prepared for the optical measurements by adding specially 
chosen marker points (pins) that are monitored by a pair 
of high-speed cameras during each experiment. An 
additional set of non-high-speed cameras with higher 
resolution is used to monitor the deformation field on a 
selected smaller part of the model. This enables to obtain 
the 3D displacements and velocities of each marker point 
in order to detect any movement or crack opening on the 
surface both visually and accurately from the optical 
measurement results. The described system and 
established measurement procedure are advantageous as 
they provide the 3D displacement and velocity data for a 
large number of points on the surface with less equipment 
than conventional contact measurement methods. The 
collected data, in combination with other monitoring 
sensors, allow the observation of landslide initiation and 
the analysis of landslide evolution in all parts of the model 
slope during the sliding process. In this paper we present 
the measurement procedure and the results obtained 
optically in selected small-scale experiments. 

 
Keywords: landslides, 1g small-scale models, digital image 
correlation, optical measurement, surface displacements. 
 
 
Introduction 

Landslides are one of world’s major hazards with serious 
consequences for both infrastructure and human lives. 
Heavy and prolonged rainfall alone and in combination 
with dynamic events such as earthquakes increase 
landslide risk (Petley 2012). Monitored and well-
documented laboratory experiments conducted on small-
scale landslide models allow a better understanding of the 
conditions that influence and trigger landslide initiation, 
as well as the investigation of possible landslide mitigation 
measures. 

Motivated by this, a research project with an 
extensive experimental programme on small-scale 

landslide models was initiated (Arbanas et al 2019; 2020), 
with an aim to investigate the behaviour of structures used 
for mitigation of landslides triggered in static or dynamic 
conditions. Static conditions imply rainfall, whereas 
dynamic conditions imply earthquake excitation (in 
combination with significant saturation of the soil in a 
slope)  al. 2021). 

In order to monitor the displacement field at the 
slope surface in a small-scale landslide model, it is 
necessary to use an approach that does not interfere with 
the model’s geometry and the mass distribution on the 
slope. Non-contact optical measurement systems are 
chosen here, which can replace most of the conventional 
measurement devices for displacement and strain, as 
shown in Hunger and Morgenstern (1984), Okura et al. 
(2002), Moriwaki et al. (2004), Orense et al. (2004), Suits 
et al. (2009), Scaioni et al. (2013), Ooi et al. (2014), Lu et al. 
(2015) or Feng et al. (2016). 
 
 
Digital image correlation (DIC) and optical measuring 
system  

A 3D optical measuring system comprises a set of two 
cameras connected to a control unit and a suitable 
software used to conduct the measurement as well as post-
process the data . Here 
we use two optical measuring systems: GOM Aramis 4M 
and GOM Aramis 12M. Their characteristics are given in 
Tab. 1. 

The optical measuring procedure consists of 
calibration (with respect to the measuring volume or size 
of the monitored surface), surface preparation (which 
includes dyeing the whole surface or attaching marker 
points at discrete positions of interest, as shown in Fig. 1), 
measurement (obtaining pairs of snapshots at a given 
 
Table 1 Characteristics of the two Aramis optical measuring 
systems. 

System Frame 
rate 

Resolution 
(pixels) 

Aramis 4M 168 fps 
1300 fps 

2400 × 1728 
2400 x 168 

Aramis 12M 
25 fps 
75 fps 

100 fps 

4096 × 3000 pixels (full resolution) 
4096 × 1000 pixels (1/3 of image) 

Reduced resolution (binning) 
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Figure 1 Pins with attached markers on the surface of the model. 

 
frequency throughout the experiment) and post-
processing of the raw data. The results in the form of 
displacements of the surface points are obtained based on 
digital image correlation procedure in the post-processing, 
whereas the strains, velocities and any other values need 
to be derived from the displacements. 
 
 
Experimental set-up (experiment on 14   

The analysed experiment was conducted on a sandy slope 
with an angle of 35° exposed to a constant rainfall intensity 
of 73 mm/min al. 2021b). 
The optical measuring equipment is positioned as shown 
in Fig. 2 for all experiments with static conditions: the 
high-speed Aramis 4M system positioned to capture the 
entire surface of the model, and the high-resolution 12M 
system focused on a small part on the side of the model. 

The view from the left and right cameras of the 4M 
system is shown in Fig. 3, with the detected points marked 
in green. With a grid of 5 by 24 points, a total of 120 points 
were monitored. The experiment was optically monitored 
for 2 hours and 11 minutes, with a lower measurement 
frequency at the beginning, which was increased when 
surficial movements were detected (Tab. 2). 
 
Results 
The results are presented for the longitudinal profile 
shown in Fig. 4, which begins with point 2,1 in the lower 
part of the slope and ends with point 2,24 in the upper part 
of the slope. The position data of some markers are lost 
during the experiment due to water droplets accumulating 
on the markers and physical obstacles such as the 
elements of the sprinkler system or the reinforcements of 
the plexiglass side walls. Longitudinal profile 2 is chosen 
here for analysis, as all points (except point 2,1) were 
visible to both cameras. In addition to the profile 
considered, Fig. 4 shows the location of 2 points that are 

analysed in more detail due to their particular location in 
relation to the development of the landslide: points 2,19 
and 2,21 near the upper part of the slope. 
 

 
 

Figure 2 Setup of the optical measuring system in models 
subjected to static loading conditions (simulated rainfall). 

 

 

 
 

Figure 3 Left-camera (top) and right-camera (bottom) view of the 
model with monitored points (green dots) (from 
(2020), (2021)). 

 
Table 2 The measuring frequency and duration of the optical 
measuring system. 

Part Measuring 
frequency dt Duration 

1 1/300 fps 300 s  52 min 59 s 
2 1/10 fps 10 s 1 h 18 min 11 s 
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Figure 4 Longitudinal profile no. 2 in the reference stage and the 
location of the points used for the detailed analysis of the 
displacement evolution. 

 
The orientation of the coordinate system used with 

the corresponding signs is given in Fig. 5. The shape of the 
profile throughout the experiment is shown in Fig. 6 (top). 
There is clear evidence of the development of larger 
displacements in the top of the slope between stages 300 
and 434, specifically between stages 390 and 434. These 
stages correspond to a test time of 121 and 128 minutes (or 
7262 and 7702 seconds) after the start of the test, i.e. the 
rainfall simulation (see Fig. 6, bottom). Snapshots of stages 
390 and 434 from the left camera are also shown in Fig. 13. 

The behaviour of the points in the upper part of the 
slope in profile 2 is analysed in detail. The points at the top 
were not covered by water at any time during the rainfall 
simulation, so, the both cameras were able to take clear 
photos of them until the end of the experiment. The time 
courses of the vertical displacements for the two chosen 
points (2,19 and 2,21) (marked in Fig. 4) are shown in Fig. 
7. 

Fig. 7 shows that the vertical displacements of the 
monitored points in the upper part of the slope are close 
to zero until about 3700 seconds (which roughly 
corresponds to the time when the first instability at the 
very bottom of the slope is noticed), which is followed by 
a slow linear increase until the last part of the experiment, 
when a rapid non-linear increase occurs, announcing a 
failure of the slope. This can also be seen in Fig. 8, where 
the stage (i.e. time) corresponding to the significant 
increase in displacements and cracking at the top of the 
slope can be accurately identified. 
 

 
 

Figure 5 Coordinate system orientation used in the optical 
measurement and post-processing. 

 
Figure 6 Longitudinal profile no. 2 shown in the x-y plane 
throughout the experiment (top) and the upper part of the profile 
between stage 390 and 435 (bottom) 
et al. 2021). 

 

 
 

 
Figure 7 Time course of the displacements along the z-axis of 
points 2,19 and 2,21 in the upper part of the scaled slope: 
displacements on a scale up to -100 mm (top) and up to -5 mm 
(bottom). 

 

A similar behaviour can be observed for the time 
courses of the horizontal displacements (Figs. 9 and 10). 
The two horizontal directions are defined so that the x-
direction is longitudinal and the y-direction is transverse 
(see Fig. 5). Positive and negative values in the y-direction 
mean a movement down and up the slope, respectively, 
while positive and negative values in the x-direction mean 
a movement to the right and to the left, respectively, as 
seen from the crown. 
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Figure 8 Time course of the displacements along the z-axis of 
points 2,19 and 2,21 between 116 and 130 minutes in the 
experiment (7000 and 7800 seconds, respectively). 

 

 
 

 
Figure 9 Time course of the displacements along the y-axis of 
points 2,19 and 2,21 in the upper part of the scaled slope: 
displacements on a scale up to -30 mm (top) and up to -5 mm 
(bottom). 

 

 

 
Figure 10 Time course of the displacements along the x-axis of 
points 2,19 and 2,21 in the upper part of the scaled slope: 
displacements on a scale from -15 to 45 mm (top) and from -5 to 
5 mm (bottom). 

We can again notice a slow linear increase between 
3700 and 7500 seconds and a significant non-linear 

increase after that in x direction displacements, while y 
direction displacements increase as well, but the 
displacements are lower. Both directions are better 
analysed in Figs. 11 and 12, where the time when the 
displacements start to increase in a non-linear manner can 
be determined more precisely. A series of nine snapshots 
taken by the left camera during the last part of the 
experiment is shown in Fig. 13. 

An increase in the vertical displacements of points 
2,19 and 2,21 in Figs. 6-11 is presented after t=7400 s. 
However, as can be seen from stage 420 (t=7562 s) in Fig. 
12, it is difficult to see only by visual inspection of the 
scaled slope model, that the points experience significant 
movements in the period before they are affected by the 
retrogressive sliding, as can be clearly seen for stage 430 
(t=7662 s) in the same figure. The rapid increase in vertical 
displacements in Fig. 7 corresponds to the progression of 
instability in the form of the retrogressive sliding towards 
the top of the slope. As given in Tab. 2 the optical 
measurements are obtained from snapshots taken every 10 
seconds in this part of the experiment, which results in 10 
snapshots between the two stages of interest: stage 420 
and 430. The used optical system, however, is able to 
monitor the model with frequency up to 168 fps, but 
limited to less than 60 seconds of continuous monitoring 
due to RAM capacity of the system. It is important to note 
that the time from the first instability in the model, which 
took a form of small rotational slide at the foot of the slope 
due to groundwater level rise, to when the retrogressive 
slide reached the analysed points at the top  
 

 
Figure 11 Time course of the displacements along the y-axis of 
points 2,19 and 2,21 in the upper part of the scaled slope. 

 

 
Figure 12 Time course of the displacements along the x-axis of 
points 2,19 and 2,21 in the upper part of the scaled slope. . 
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Figure 13 Left camera snapshots on the stages shown in Fig. 4 (corresponding to time between 7261.85 s in stage 390 and 7261.85 s in 
stage 434). 

 
of the slope was about 60 minutes. Thus, monitoring the 
entire instability evolution with high frequency is not 
possible. These observations suggest that in a case where 
high frequency data of surface displacements are needed, 
i.e. in the analysis of processes that develop relatively 
quickly after a long period of inactivity, as is the case with 
fast moving flow-like landslides, rockfalls and tracking of 
the rockfall trajectories and/or the impact forces and 
interaction of fast moving slope material with the 
landslide remediation structures in scaled slope models 
etc., the usefulness of the non-contact measurement 
system, as the one presented in this study, becomes 
limited due to the requirement of postprocessing of the 
measurement data. However, the data obtained 
concurrently with some of the conventional landslide 
monitoring techniques (geodetic and geotechnical) that 
allow real-time monitoring of displacements or other 
quantities that can be used as indications that the scaled 
slope is approaching conditions of instability could be 
used to adjust the frequency of data collection and 
optimise the monitoring process of such non-contact 
systems during all phases of instability development, i.e. 
from stable conditions through the phase of initiation of 
movement, development and to deposition at the end. 
This could be the approach that would provide adequate 

data for a detailed analysis of the instability process and 
the mechanisms involved. 
 
 
Discussion and Conclusions  

Displacement data of the slope surface obtained with an 
optical measurement technique from the experiment 
conducted on a small-scale sandy slope initiated by 
simulated rainfall are presented. Two non-contact optical 
measurement systems, a high-speed camera system and a 
slower system with higher resolution, are used to monitor 
the 3D displacements of the surface of the model. Based 
on sets of snapshots from two precisely tuned cameras, the 
displacements of the marker points on the slope are 
obtained, post-processed and analysed.  

One of longitudinal profiles of interest is presented 
here, where it is easy to keep a track of the profile shape 
throughout an experiment. Furthermore, the 
displacement data of two selected points at the top of the 
slope, combined with a series of snapshots, show how a 
significant increase in displacement can be detected and 
used to accurately detect any instability or cracking. Such 
an optical measurement method using high-speed camera 
systems in combination with other monitoring sensors 
installed in the model can provide much important and 
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well-documented data describing the behaviour of the 
surface in a small-scale landslide test. 

This paper presented the results of a single test 
conducted to present the basic data that can be provided 
by this type of monitoring. The possibilities that the digital 
image correlation offers and the use of high-speed cameras 
for 3D displacement monitoring in small-scale landslide 
models are far greater and will be used in further analyses 
of landslide initiation and evolution in subsequent steps of 
the Project. The precision offered by this monitoring 
system will enable the following data that cannot be 
registered by the human eye: measurements of the 
deformation caused by the change in the unit weight of the 
soil and the stress changes during the infiltration of the 
rain; 3D displacements of the marker points on the slope 
surface, taking into account all the components of the 
displacement vectors; identification of the displacement 
rate in different parts of the slope and cross-relationships 
with data obtained from other monitoring sensors 
(tensiometers, accelerometers, MEMS, etc.). Analyses of 
these data will ensure significantly better insight into 
landslide initiation and evolution of landslides in small-
scale landslide models as well as in real landslides on 
slopes made of similar soil materials. 
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Abstract Physical modelling of landslides by analysing the 
behaviour of small-scale landslide models subjected to 
artificial rainfall can be divided into modelling under 1g 
conditions and under increased acceleration (n times 
gravity) in a centrifuge. In this paper, the landslide 
initiation, progression, and deposition caused by artificial 
rainfall in three small-scale models built with sand or 
sand-kaolin mixtures at the same slope angle will be 
described. The evolution of landslides is monitored by 
observation of volumetric water content, matric suction, 
and pore water pressure, as well as by monitoring slope 
deformations and failure development. Analysis of the 
factors affecting the landslide initiation, propagation and 
their relationship to the slope material, the infiltration 
process, and the overall resistance of the soil in a slope in 
terms of soil strength, effective pressure and the 
contribution of matric suction in the unsaturated part of 
the slope will be discussed. The main observations from 
the results of the tests carried out in relation to the 
initiation and development of the observed instabilities of 
sandy and clayey slopes are given. 

 
Keywords landslide, small-scale model, artificial rainfall, 
sandy and clayey slopes 
 
 
Introduction 

Landslides are hazardous motions of a mass of rock, earth 
or debris down the slope (Cruden 1991) that threaten 
vulnerable human settlements in different environments 
all around the world. For a long time, modelling of 
landslide initiation was based only on numerical 
modelling results using soil strength parameters obtained 
from soil laboratory testing in conventional laboratory 
apparatus. Physical modelling of landslide behaviour using 
small-scale models was introduced as a solution in 
different landslide researches in 1970s and 1980s in Japan 
(Oka 1972; Kutara and Ishizuka 1982) on natural slopes 
exposed to artificial rainfall. Laboratory experiments on 
landslide behaviour in a scaled physical models (known as 
flume or flume test) began in the 1980s in Canada (Hungr 
and Morgenstern, 1984), Japan (Yagi et al. 1985) and 
Australia (Eckersley 1990) under 1g conditions. Small-scale 
landslide modelling under increased acceleration in a 

geotechnical centrifuge has also been successfully adopted 
(e.g. Kimura 1991; Take et al. 2004), but under 
circumstances of centrifuge limitations. 

This paper discusses small-scale landslide modelling 
under 1g loading conditions. The main task of landslide 
physical modelling was research of initiation, propagation 
and accumulation of fast flow-like slides caused by the 
infiltration of rainfall in a slope and fluidification. This 
research was conducted within the Project “Physical 
modelling of landslide remediation constructions’ 
behaviour under static and seismic actions” at the 
University of Rijeka, Croatia (Arbanas et al. 2019). The 
main objective of the Project is modelling and analysing 
behaviour of landslide remedial measures in physical 
models of scaled landslides under static (Arbanas et al. 
2020) and seismic conditions. This paper presents the 
results of landslide initiation tests in sandy and clayey 
scaled slopes subjected to artificial rainfall. Landslide 
development was monitored by observing surface 
displacements using structure-from-motion (SfM) 
photogrammetry, terrestrial laser scanner (TLS) and a pair 
of high-speed cameras, and by observing landslide 
movements within the displaced mass using 
accelerometers. Pore water pressure and soil moisture 
sensors were used to observe the hydraulic response of a 
slope. 

 
 

Materials and methods 

The physical model of a scaled slope was designed to 
enable the initiation of a landslide by controlled artificial 
rainfall and equipped with adequate photogrammetric 
equipment and a complex sensor network with ability to 
measure displacements, soil moisture and pore water 
pressures within a slope, Fig. 1 (Arbanas et al. 2020; 
Jagodnik et al. 2021). The dimensions of the slope model 
are 1.0 m (width) x 2.3 m (length) x 0.5 m (height). The 
maximum depth of the soil material in the slope was 
adopted to be 30 cm. Slope inclination is adjustable from 
20° to 45°. The series of tests described in this paper were 
carried out on slope inclination of 35° with three different 
soil types as a slope material. To prevent possible sliding 
of the soil mass at the contact with the model base, the 
geogrid mesh is fixed to the flume base to increase friction.  
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Figure 1 Photo of the small-scale landslide model at 35°. 

 
Soil material properties 
Three different and simple materials are selected to build 
in the small-scale physical model: sand and sand-kaolin 
mixture with 10% and 15% of mass of kaolin. The fine-
grained (0 – 1 mm) Drava River sand was chosen as the 
base material to represent cohesionless slopes. Another 
material is a mixture of the base material with 10% and 15% 
by mass of industrial kaolin and represents the behaviour 
of fine-grained, cohesive materials with stable cohesion. 
Kaolin is chosen as clay with low plasticity and a relatively 
well graded grain size distribution curve and is not too 
sensitive to changes in water content. The Mohr-Coulomb 
strength parameters-friction angle and cohesion were 
determined in a direct shear apparatus at low normal 
stresses similar to those in the slope model, while 
hydraulic conductivity was determined using the falling 
head test method. The grain size distribution curves of the 
described materials are presented in Fig. 2, while the basic 
physical – mechanical properties of the described 
materials and the initial conditions at the start of the tests 
are given in Tab. 1.  
 
Testing procedure 
The three materials previously described were built in 
slopes with an inclination of 35°, by compaction of 5 layers, 
each 6 cm thick, until a 30 cm high slope was completed. 
The prepared sandy material with a water content of w=2% 
and the sand-kaolin mixture with 10% and 15% by mass of 
kaolin with a water content of w=5% and w=8.1%, 
respectively, were installed using the under-compaction 
method (Ladd 1978). The installation of the material at the 
targeted initial water contents ensured the same initial 
densities. The higher initial water content for the sand-
kaolin mixture was necessary for effective compaction, as 
previously determined by the Proctor test. The initial 
water content could not be maintained during model 
construction; model construction extends over several 
days and evaporation and internal redistribution of water 
content are the reasons for the non-uniform water content 
distribution in a model at the start of the tests. Each layer 
was compacted using the manual compactor to the 
medium dense conditions of relative density =50% for 

sandy slopes and sand-kaolin mixture with 10% of mass of 
kaolin, and =75% for sand-kaolin mixture with 15% of 
mass of kaolin. Before placing the next layer, the surface of 
the previous layer was raked and sprayed with a small 
amount of water to maintain the initial moisture content 
and achieve good contact between the particles of the two 
layers. In order to achieve homogeneity of the material in 
the slope and relatively uniform conditions in the build-up 
material, the model was built up in three segments – lower 
(L), middle (M) and upper (H) parts, building up the 
material from the foot to the top of the slope. 

The monitoring system established in a physical 
model follows the principles used in the observation of real 
landslides and consists of a geotechnical and a geodetic 
monitoring systems. The geotechnical monitoring system 
comprises of a complex network of miniature sensors 
equivalent to the geotechnical monitoring devices used in 
the field (Wieczorek and Snyder, 2009). Thus, 
accelerometers, soil water content sensors, mini- 
 

 
Figure 2 Grain size distribution curves of the sand (blue), sand-
kaolin mixture with 10% kaolin by mass (black) and 15% kaolin 
by mass (brown). 

 

Table 1 Basic physical – mechanical properties of the sand and 
sand-kaolin mixture with 10% and 15% of mass of kaolin built in 
the small-scale model and the initial conditions at the start of a 
test. 

Parameter  Sand 

Sand-kaolin mixture 
10% of 
mass of 
kaolin 

15% of 
mass of 
kaolin 

Specific gravity, Gs 2.70 2.69 2.67 
Dry density, d (g/cm3) 1.52 1.43 1.51 
Total density, t (g/cm3) 1.55 1.50 1.63 
Effective particle size     

D10 (mm) 0.19 0.038 0.056 
D60 (mm) 0.37 0.31 0.207 

Uniformity coefficient, cu 1.947 8.16 54.107 
Minimum void ratio, emin 0.641 0.647 0.544 
Maximum void ratio, emax 0.911 1.121 1.430 
Hydraulic conductivity, ks 
(m/s) 

1E-05 6.78E-06 3.5E-06 

Friction angle,  ( ) 34.9 31.3 31.75 
Cohesion, c (kPa) 0 3.9 4.4 
Initial porosity, ni 0.44 0.469 0.434 
Initial void ration, ei 0.78 0.884 0.766 
Initial relative density, Dri 0.5 0.5 0.75 
Initial water content, wi (%) 2 5 8.1 
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tensiometers and pore-pressure transducers were installed 
to measure soil moisture, pore pressure, displacement, 
suction, etc. All sensors used in the tests are constantly 
connected to data loggers for continuous data collection 
during the time of the test.  

The water-related sensors, which are the focus of this 
paper, are positioned along the central line of the slope to 
avoid the possible influence of the plexiglass sides of the 
model on the measured values. Similar types of sensors to 
monitor volumetric water content and soil potential as our 
monitoring of the small-scale model were used by Huang 
and Lo (2013) and Wu et al. (2017). The locations of the 
sensors are chosen as critical points in the slope model for 
observation of slope movements and changes in moisture 
content. The sensors are installed on different depths of 6, 
12, 18 and 24 cm along the same profile to provide data at 
the same cross-section that enables validation and 
numerical analysis of the observed landslide initiation.  

The geodetic monitoring system is based on an 
innovative photogrammetric equipment for multi-
temporal landslide analysis (Zanutta et al., 2006) of image 
sequences obtained by a pair of high-speed stereo cameras. 
Terrestrial laser scanning and Structure-from-Motion 
(SfM) photogrammetry surveys enable the surface of the 
slope model to be determined in the pre- and post-slide 
phases. A detailed description of the equipment used in 

et al. (2021). 
The landslide initiation and motion caused by rainfall 

infiltration in the small-scale model is fully controlled by 
the rainfall simulator that was constructed as part of the 
Project. The rainfall simulator consists of three sprinkler 
branches, each equipped with four different axial-flow full-
cone nozzles with a spray angle of 45° or 60°. Each branch 
has been placed at such a height that the water can reach 
the edges of the plexiglass sides without creating too much 
water on the edges or water coming out of the model. A 
wide range of rainfall intensities and the possibility to 
change the location of the rainfall by opening or closing 
valves on each of the branches allows the modelling of 
different rainfall patterns and different rainfall intensities 
applied to the slope model (Arbanas et al. 2020).  

After installing the soil in the slope model and the 
monitoring equipment within the slope, the slope models 
were exposed to artificial rainfall from three nozzles, one 
nozzle in each part of the slope – upper (H), middle (M) 
and lower (L) parts. The slopes were exposed to different 
rainfall intensities (Fig. 3): rainfall on the sandy slopes had 
an intensity of 73 mm/h, while the slopes built of sand-
kaolin mixture with 10% and 15% mass of kaolin had 
intensities of 22 mm/h. The selection of rainfall intensities 
was based on infiltration conditions and the main 
requirement was that all water at the point of contact on 
the model surface is infiltrated without forming surface 
runoff. The applied intensities were at the upper 
precipitation values that can be infiltrated in a soil. 

Figure 3 Simulated rainfall in a small-scale model built in sand 
(blue), a sand-kaolin mixture with 10% by mass of kaolin (black) 
and 15% by mass of kaolin (brown). 

 
 

Testing results 

The basic data of the three preformed tests are given in 
Tab. 2, and the results of the tests are presented in the 
following text: clean sand was used in Test 1, while the 
mixture of sand with 10% of mass of kaolin was used in 
Tests 2 and mixture of sand with 15% of mass of kaolin in 
Tests 3.  

After the initial establishment of a constant rainfall 
intensity and a stable infiltration process, the models were 
exposed to constant intensity rainfall until the slope failed 
or until the end of the test. The end of the test was declared 
when further retrogressive sliding was no longer possible: 
after 126 min for the sandy slope (Fig. 4d), and after 155 and 
245 minutes for the slopes built of sand-kaolin mixture 
with 10% and 15% kaolin by mass, respectively (Figs 4e and 
4f).  

In the test conducted on sandy slope, the slope 
remained stable until the ground water level reached the 
slope surface in the foot of the slope and consequently 
caused a decrease in the soil shear strength, sliding and 
further retrogressive landslide development towards the 
top of the slope. Test was continued until the retrogressive 
slides reached the top of the slope. The time from the 
rainfall start to the first signs of instability in the slope foot 
was relatively long - 62 minutes (Fig. 4a), while the 
retrogressive development to the top of the slope occurred 
in the following 30 minutes.  
 
Table 2 Basic information on the performed tests. 

Test no. Test 1 Test 2 Test 3 
Slope angle 35  
Material sand  sand +     

10% kaolin 
sand +    

15% kaolin 
Rainfall intensity 
(mm/h) 

73/55 22 22 

Time to initiation 
(min)  

62 24 35 

Test duration (min) 126 155 245 
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In the tests conducted on slopes with sand-kaolin 
mixture, the failure mechanism was completely different 
from that observed for sandy slope. Although the rainfall 
intensities were significantly lower than the intensities on 
sandy slope, the first signs (cracks) of sliding in test on 
slopes with sand-kaolin mixture appeared relatively 
quickly after the rainfall began - 24 and 35 minutes for the 
sand-kaolin mixture with 10% and 15% by mass of kaolin, 
respectively (Figs. 4b and 4c). After appearance of the first 
cracks, the further retrogressive landslide development 
occurred to the top of the slope. This development took 
place without significant movements in the slope; just new 
tension cracks were opening. The new stage occurred at 
the moment when the ground water level reached the 
slope surface in the middle part of the slope, forming small 
springs and surface flows. At this moment, the joint 
mechanism of sliding and surface erosion started with a 
relatively fast retrogressive instability development up to 
the top of the slope. 

The described superficial signs of sliding initiations 
as well as the causes of their occurrences can be explained 
from the results of the continuous volumetric water 
content (VWC) monitoring presented in Fig. 5, as well as 
the measurement of matric suction and temperature, 
presented in Fig. 6. The results at part H are not presented 
as the least important. The changes in VWC in the 
different parts of the slope indicate the progress of the 
infiltration process until the saturation of a soil and 
formation of a ground water level; knowledge of this 

process allows  better understanding of the sliding 
initiation. 

After analysis of the measured results, the landslide 
processes could be explained as follows. (i) There is no 
homogeneous moisture distribution in the sand model 
due to retention characteristics of the sandy material. All 
sensor measurements showed slightly higher initial values 
of VWC from the start of the test, starting from an initial 
moisture content of 2% that corresponds to VWC of 0.03 
m3/m3 at the moment of sand material preparation. The 
highest difference can be seen at the sensor at 24 cm 
depth, Fig. 5d, and this non-uniform water content 
distribution in the model at the start of the test can be 
explained due to hydraulic properties of the sand and the 
time of model construction that extends over several days 
with evaporation and internal redistribution of water 
content taking place simultaneously. (ii) In the lowest part 
of the slope, at the deepest sensors (M—24 cm), in Test 1 
(Fig. 5d), the initial value of VWC increases sharply and is 
then constant caused by soil full saturation. However, in 
the M part, the water level increases but does not reach the 
maximum value for some time, and from 20 to 45 min 
there is a steady-state flow. When the ground water level 
reaches the soil surface in the slope foot, the water level in 
the M part rises and the material saturation begins in the 
upper part of the model. (iii) Rising of the ground water 
level in the middle part of the slope is noticeable at the 
deepest sensors (M—24 cm), in Test 1 after 15 min of 
rainfall, in Test 2 after 51 min of rainfall, and in Test 3 after 
32 min of rainfall.  

 

 
Figure 4 Photos of, a),b), c) initiation of instabilities and d), e), f) end of the test in the small-scale model at 35° built of clean sand-Test 
1, sand-kaolin mixture with 10% by mass of kaolin-Test 2 and 15% by mass of kaolin-Test 3, respectively. 
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The rising of the ground water level continued until 
the water level reached the surface of the slope foot, firstly 
for the sandy slope, then for the slope built in sand +15% 
kaolin mixture, and finally for the slope built in sand+10% 
kaolin mixture (Fig. 5d). (iv) Faster increase in VWC was 
observed in shallow layers in both parts of the slope for 
both the sandy and clayey slopes except in the L part of the 
slope built from sand+10% kaolin mixture. (v) Seepage 
through the slope was established with suction decreasing 
(Fig. 6), the slope was saturated from the bottom layers to 
the slope surface, leading to the loss of the soil strength in 
the foot of the slope. 
 

 
Figure 5 Volumetric water content (VWC) in tests on clean sand 
(blue)-Test 1, sand-kaolin mixture with 10% by mass of kaolin 
(black)-Test 2 and 15% by mass of kaolin (brown)-Test 3 in the 
middle (M), and lower (L) part of the slope at a) 6 cm, b) 12 cm, 
c) 18 cm, d) 24 cm from the slope surface. 

 
 

Figure 6 Matric suction and temperature measurements in tests 
on sand-kaolin mixture with 10% by mass of kaolin (black)-Test 
2 and 15% by mass of kaolin (brown)-Test 3, in upper (H) and 
middle (M) parts at a) 6 cm and b) 18 cm from the slope surface. 

 
(vi) Fig. 6 shows that the soil temperatures at depths 

of 6 and 18 cm decreases proportionally to the increase in 
VWC as the water level reached certain layers of the slope, 
which served as a confirmation of establishing of the 
ground water level in the slope. (vii) In the sandy slope 
with a relatively high hydraulic conductivity, the VWC 
increases due to infiltration until the full saturation in the 
deepest part of the slope, forming the water table.As it is 
established, a flow down the slope started causing a rapid 
rise in the groundwater level in the lower part of the slope. 
This led to a decrease in the soil shear strength with 
complete loss of matric suction, failure and further 
retrogressive landslide development to the top of the 
slope. (viii) For slopes made of sand-kaolin mixture with 
lower hydraulic conductivity and relatively higher 
retention capability, the process of saturation firstly took 
place in the surface layer, leading to an increasing in 
weight of the surface layer and causing cracks and shallow 
instabilities in the middle part of the slope without 
significant movements. The cracks opening allowed water 
to penetrate in deeper layers and form separated saturated 
zones in the slope, but with a matric suction maintained 
in the most parts of the slope. In some isolated local zones, 
near the existing cracks, the ground water level rises to the 
surface, causing springs and surface flows. 

 
 

Conclusions 

This paper presents the results on landslide initiation in 
small-scale slopes exposed to artificial rainfall. The results 
of the conducted tests on slopes built of three different 
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types of soil materials at the slope angle of 35° are 
presented. The observed failure mechanisms are described 
and explained, as well as the infiltration process based on 
the results of the volumetric water content measurements. 
The results presented form the basis for the numerical 
analyses and a better understanding of the processes and 
initiation of landslides in small-scale slope models. 

Besides the monitoring results presented in this 
paper, several additional measurements have been carried 
out and are still being analysed. The results obtained by 
geodetic monitoring and the observations of surface 
movements should complete the analyses carried out, 
while the analyses of changes in matric suction, which are 
only briefly described in this paper, will play an important 
role in fully explaining the process of landslide initiation. 
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Abstract Physical modelling of landslides by analysing the 
behaviour of small-scale landslide models subjected to 
artificial rainfall can be divided into modelling under 1g 
conditions and under increased acceleration (n times 
gravity) in a centrifuge. Physical modelling of landslide 
initiation began in Japan in the 1970s on scaled natural 
slope models. After initial experiences with field and 
laboratory researches, small-scale landslide modelling has 
found wide application around the world in various 
aspects of landslide investigations, analysing different 
types of landslides, different types of slope materials and 
landslide movements. The main task of landslide physical 
modelling has been to study the initiation, motion and 
accumulation of fast flow-like slides caused by infiltration 
of surface water. Studies that have included landslide 
mitigation measures in the small-scale physical model are 
rare and have not established correlations with the 
behaviour of on-site mitigation structures. This paper 
discusses the behaviour of a small-scale sandy slope 
supported by a gravity retaining wall in the foot of the 
slope, during artificial rainfall in 1g loading conditions. 
Two models of sandy slopes, with and without retaining 
wall applied, were exposed to identical intensities of 
artificial rainfall. The results of the simulations indicated 
that the slope supported by the gravity retaining wall at 
the toe remained stable under the same conditions under 
which the sandy slope collapsed. The supported slope also 
remained stable under much longer rainfall. At the end of 
the simulation, the supported slope was subjected to much 
higher rainfall intensities, well above the infiltration 
capacity of the sandy material, and surface runout was 
affected. The combination of surface erosion and 
saturation of the superficial layer of the slope led to the 
initiation of a debris flow, while the complete saturation of 
the slope at the moment when the ground water level 
reached the surface of the slope caused the soil strength to 
be exceeded and the formation of a surface of rupture and 
consequently movements of the formed landslide body. 
Although the landslide movement caused displacement 
and longitudinal deformation of the gravity wall at the 
slope foot after local shear failure in front of the wall 
foundation, in general the gravity wall significantly 
improved the stability of the slope. The results of the 
measurements carried out with the installed geodetic and 
geotechnical monitoring system allowed a comprehensive 

understanding of the whole process of infiltration of 
precipitation and reduction of soil strength until the 
development of the fracture surface in the slope, as well as 
the process of incremental load development on the 
retaining structure until the limit resistance of the 
structure. 

 
Keywords landslide, physical modelling, sandy slope, 
remedial measures, monitoring 
 
 
Introduction 

Landslides as motions of a mass of rock, earth or debris 
down the slope (Cruden 1991) that threaten vulnerable 
human settlements in mountains, cities, riverbanks, coasts 
and islands. Changing climate influences on an increase in 
the frequency and/or intensity of heavy rainfall, and that 
consequently increase the risk of landslides in landslide-
prone areas. Developments in mountainous and coastal 
areas, including the construction of infrastructure, 
expansion of urban areas due to population growth and 
migration, and deforestation and land use changes 
increase exposure to the landslide hazard. Strong 
earthquakes have the potential to trigger rapid landslides 
with long runout distances and in combination with heavy 
rainfall can lead to catastrophic landslides such are debris 
flows, rock falls and mega slides.  

Landslide modelling was, for a long time, mostly 
based on numerical modelling techniques using soil 
strength parameters determined by laboratory testing in 
direct shear, triaxial or ring shear apparatus but with 
obstacles and limitations related to the soil sample size, 
sample disturbance, shear strain values before the failure, 
unsaturated soil conditions, effective stress and suction 
measurements, drop in strength to the residual values, etc. 
Physical modelling in small-scale slope models was 
introduced as a natural solution for better simulation of 
overall condition in a slope before, during the initiation 
and motion and post-motion of a landslide. 

Physical modelling of landslide by analysing small 
scale landslide models behaviour started in early 1970s and 
1980s in Japan (Oka 1972; Kutara and Ishizuka 1982) on 
natural slopes exposed to artificial rainfall. The laboratory 
experiments of landslide behaviour in a scaled physical 



Arbanas, J. , V. Jagodnik, M. Vivoda Prodan et al. – Impact of gravity retaining wall in stability of sandy slope in small-scale physical model 

194 
 

model (also called flume or flume test) started in 1980s and 
1990s in Canada (Hungr and Morgenstern 1984), Japan 
(Yagi et al. 1985) and Australia (Eckersley 1990) under 1g 
conditions as well as in geotechnical centrifuge under 
increased acceleration (ng) in 1990s (Kimura 1991). 

The small-scale landslide modelling after initial 
experiences has found a wide application around the world 
in different aspects of landslide investigations, analysing 
different types of landslides as well as different types of soil 
and rock materials and landslide movements. The main 
task of landslide physical modelling was research of 
initiation, motion and accumulation of fast flow-like slides 
caused by infiltration of surface water in a slope and 
fluidification .  

Although the modern monitoring techniques and 
different monitoring equipment enable good insight into 
initiation and development of landslides in the small-scale 
landslide physical models , the crucial 
issue is to establish relationship between small-scale, brief, 
idealized and by artificial boundary restricted model with 
the complex natural landslide process (Iverson, 2015). This 
relationship is known as scaling or scaling law, and plays a 
crucial role in small-scale model designing and 
interpretation of results. Successful scaling (of material 
parameters, model dimensions, boundary conditions, 
rainfall intensity and shaking parameters as triggering 
factors, measured movements, velocities and accelerations 
etc.) is a necessary precondition for successful small-scale 
landslide modelling. Since a landslide is a complex 
geomorphological process, considering all the factors that 
should be taken into account when modelling a real 
landslide, it is clear that a landslide process is too complex 
for all elements to be covered by the similarity laws to fully 
describe the mechanism, initiation and run off process of 
a landslide. The simulation of a real landslide in a small-
scale landslide model must be limited to the application of 
the most important elements affecting a landslide process, 
while all other elements are adjusted to imitate a real 
process of sliding. 

At the Faculty of Civil Engineering, University of 
Rijeka, Croatia, the research Project “Physical modelling of 
landslide remediation constructions’ behaviour under 
static and seismic actions”, funded by Croatian Science 
Foundation, started in October 2018. The main objective 
of the Project is modelling and analysing behaviour of 
landslide remedial measures in physical models of scaled 
landslides under static and seismic conditions (Arbanas et 
al., 2019). In this paper, the behaviour of small-scale sandy 
slope supported by gravity retaining wall in the foot of the 
slope under artificial rain in 1g loading conditions will be 
discussed. Two models of sandy slope, with and without of 
applied gravity retaining wall, were exposed to identical 
intensities of artificial rainfall. The results of simulations 
indicated that the slope supported by the gravity retaining 
wall in the toe retained stability of the slope in the same 
conditions in which the sandy slope collapsed. Landslide 
development was monitored by observing surface 
displacements using terrestrial laser scanner (TLS) and a 

pair of high-speed cameras, and by observing landslide 
movements within the modelled displaced mass using 
accelerometers . Pore water pressure 
and soil moisture sensors were used to observe the 
hydraulic response of a slope . While 
the observed landslide movements are still being analysed, 
this paper presents the observations of the landslide 
impact on the gravity retaining wall due to the pore water 
pressures and water content development within the 
slope.  

 
 

Materials and methods 

The physical model of a scaled slope was designed to 
enable initiation of a landslide caused by controlled 
artificial rainfall and equipped with adequate 
photogrammetric equipment and complex sensor network 
(Arbanas et al. 2020; Jagodnik et al., 2021). Dimensions of 
the slope model are 1.0 m (width) x 2.3 m (length) x 0.5 m 
(height). The maximum depth of a soil material in the 
slope was adopted to be 30 cm. Flume slope inclination can 
be adjusted from 20° to 45°. To prevent possible sliding of 
the soil mass at the contact with the flume base, the 
geogrid mesh is fixed to the flume base to increase friction.  

This paper describes results of the tests carried out on 
slope inclinations of 35° degrees built of fine grained Drava 
River sand that was chosen as the base material for all tests 
within research. The first test was carried out at the sandy 
slope while in the second test the gravity retaining wall 
was built-in as adopted remedial measure and then the 
slope was exposed to identical intensities of artificial 
rainfall as the slope in the first test. The gravity retaining 
wall was chosen as an appropriate remedial measure 
( 2015, Popescu 2001) against 
instability that was occurred at the slope in the first test 
(Arbanas et al. 2020)  
 
Slope material properties 
For the first test in the constructed flume, the fine sandy 
material was chosen to be built-in in the flume slope at an 
inclination of 30o (Fig 1). Fine graded 0-1.0 mm (Fig. 2) the 
Drava River Sand (D60 = 0.37 mm, D10 = 0.19 mm, Cu = 1.947) 
was built-in in the flume in 6 cm height 5 layers, 30 cm in 
total, at relative density Dr = 0.5 and reached void ratio of 
e = 0.78. Each layer was compacted by a manual compactor 
at the water content of w = 2%. The specific gravity of sand 
is Gs = 2.7 (Arbanas et al. 2020). The strength properties of 
the slope material was determined in direct shear 
apparatus at the same relative density as it is in the model 
of Dr = 0.5 and low normal stresses appropriate to the 
stresses present in the flume model. The average friction 
angle of the Drava River Sand is  = 34.9o while the 
hydraulic conductivity at the same relative density as it is 
in the model of Dr = 0.5 determined in oedometer at low 
normal stresses appropriate to the stresses present in the 
model is k = 5x10-5 m/s. Measured matric suction at the 
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Figure 1 Small-scale model built in sandy material with installed 
retaining gravity wall: a) shematic views at the model; b) 
prepared model with installed retaining gravity wall ready for 
testing. 

 

 
 

Figure 2 Grain size distribution curves of the Drava River Sand 
(blue) and gravel material used as the backfill behind the 
retaining wall (black). 

water content of w = 2% varies from 6 to 8 kPa. Previously 
described material was installed in the model in 5 layers, 
each 6 cm thick, up to a total height of 30 cm. Prepared 
sandy material with a water content of w=2% was installed 
using the under-compaction method (Ladd 1978). Each 
layer was compacted using the manual compactor to the 
medium dense conditions of relative density = 50%. In 
order to achieve homogeneity of the material in the slope 
and relatively uniform conditions in the built-up material, 
the model was built up in three segments – lower (L), 

middle (M) and upper (H) parts, building up the material 
from the foot to the top of the slope. 

 
Gravity retaining wall installation 
In the second test after construction of the sand slope in 
same conditions as in the first test without remedial 
measures, installation of gravity retaining wall was 
completed using following the order of works that it is 
performing in a real slope. The gravity retaining wall was 
installed of five h= 30 cm elements printed by 3D printer 
interconnected by an articular connection. The height of 
the wall was determine based on geometrical similarity of 
1:20. Material used for the backfill of the wall was gravel 
which grain size distribution (Fig. 2) was determined from 
geometrical similarity with coarse crushed stone fill 
material 1:20. According to the position in the slope, the 
strength parameters of this material have no importance, 
while the hydraulic conductivity is significantly higher 
than for sand in the slope and has no influence on 
infiltration process.  

When the model slope of sandy material was built, 
the foundation pit in the foot of the slope were excavated 
and additionally compacted, the retaining gravity wall was 
lined (Fig. 3a, b) and after installation of sensors, filling 
with gravel material was continued. Surface of the slope 
was stepwise excavated to ensure adequate contact 
between sandy slope and gravel buttressing embankment. 
Gravel material was divided from sandy material by 
geotextile and compacted by a manual compactor (Fig. 3c, 
d). 

 
Rainfall simulator 
One of the most demanding challenges in physical models 
of landslide initiation and motion caused by rainfall 
infiltration is possibility to control and adjust intensities of  
 

Figure 3 Installation of gravity wall and buttressing embankment 
behind the wall in prepared sandy slope: a) excavated foundation 
pit and installed element of the gravity wall, b) a view at the 
partially installed wall in the foot of the slope, c) filling the gravel 
material behind the wall with installed sensors; geotextile is laid 
to the steps in the sandy slope; d) filled buttressing embankment 
behind the gravity wall along the slope. 

a 

b 

a b 

c d 
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artificial rainfall applied to small-scale models. Rainfall 
simulators are widely used tools to study hydrological 
processes such as interaction of rainfall with soil (Lora et 
al. 2016). The rainfall simulator, constructed within the 
Project, consists of three sprinkler branches, each 
equipped with four different axial-flow full-cone nozzles 
with a spray angle of 45o or 60°. Each branch has been 
placed at such a height that the water can reach the edges 
of the plexiglass sides. This solution covers a wide range of 
rainfall intensities, from less than 30 l/h/m2 to more than 
140 l/h/m2 at a reference pressure of 2 bar (Arbanas et al., 
2020). 
 
Monitoring equipment 
An active landslide is defined by existing movements down 
a slope (Cruden 1991), and observation of the movement 
distribution along a slope in relationship with observation 
of changes in soil condition (soil moisture, water content, 
pore pressures etc.) during the sliding process is one of the 
most important data for landslide analysis 
Arbanas and Arbanas 2015). The monitoring system 
established in a physical model follows the principles used 
in the observation of real landslides and consists of a 
geodetic monitoring system and a geotechnical 
monitoring system. The geodetic monitoring system is 
based on innovative photogrammetric equipment for 
multi-temporal landslide analysis (Bitelli et al. 2004) of 
image sequences obtained by a pair of high-speed stereo 
cameras (Feng et al. 2016). Terrestrial laser scanning and 
Structure-from-Motion (SfM) photogrammetry surveys 
enable the surface of the slope model to be determined in 
pre- and post-slide phases (Bitelli et al. 2004). The 
geotechnical monitoring system comprises of a complex 
network of miniature sensors equivalent to the 
geotechnical monitoring devices used in the field 
(Wieczorek and Snyder 2009). All sensors used in the tests 
are constantly connected to data loggers for continuous 
data collection during the time of the test. A detailed 
description of the equipment used in the geotechnical 

(2021). 
 
 
Testing results 

After installing the soil in the slope model and installing 
monitoring equipment within the slope, the slope models 
were exposed to artificial rainfall from three nozzles, one 
nozzle in each part of the slope – upper, middle and lower 
part. In this paper results of two tests are presented: two 
models of sandy slope, with and without of applied gravity 
retaining wall, were exposed to identical intensities of 
artificial rainfall. The course of the test developments is 
shown in Fig. 4. 

In both test the slopes were exposed to initial rainfall 
intensity: rainfall of 72.6 mm/h. The selection of rainfall 
intensity was based on the infiltration conditions in and 
the main requirement was that all the rainfall water at the 

 
Figure 4 Simulated rainfall in: a) test on the sandy slope without 
applied gravity wall (blue) and tests on the sandy slope with 
applied gravity wall in the foot of the slope (black). 

 
point of contact on the model surface is infiltrated without 
forming surface runoff. The applied intensities were at the 
upper precipitation values that can be infiltrated in a soil. 

After the initial establishment of a constant rainfall 
intensity and a stable infiltration process, the models were 
exposed to rainfall at the constant intensities for both 
slope to enable similar rainfall conditions in a slope with 
and without of applied gravity retaining wall. Intensity of 
72.6 mm/h was maintained till the 7o min, immediately 
after the first crack occurrence in the slope model without 
applied gravity retaining wall and after the ground water 
level reached soil surface in the lower part of the model. 
The groundwater level in this part of the model was 
maintained to the end of the model and the nozzle over 
the lover part of the model was closed. The intensities then 
were reduced to 36.3 and 41.9 mm/h and maintained 
additional 45 minutes. In this period landslide in the slope 
without applied gravity wall was retrogressively developed 
to the top of the slope, while in the slope the slope with 
applied gravity wall in all this period were no evidences of 
landslide initiation in a form of cracks development.  

When the retrogressive development of landslide in 
the slope without gravity wall reached the top of the slope, 
the rainfall intensity was increased to 83.7 mm/h in next 
10 minutes, and finally increase to 302.8 mm/h to the final 
failure of the slope after 128 minutes from the start of the 
test. Similar succession of rainfall was applied to the slope 
without gravity wall, but there was no initiation of a 
landslide in the similar time period and similar rainfall 
intensities (Fig. 4).  

During the both tests, except that almost the same 
conditions of exposure to fall have been achieved, the 
monitoring equipment was installed at the same positions 
in the slope to enable measuring of changes in volumetric 
water content. Sensors measuring volumetric water 
content were installed at four different depths (6, 12, 18 and 
24 cm below the slope surface) in the lower (L), middle (M) 
and upper (H) parts of the slope (Fig. 5). 
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Figure 5 Volumetric water content and pore water pressure measurements in tests without applied gravity retaining wall a) at 6 cm 
below the surface; c) 12 cm below the surface; e) 18 cm below the surface; g) 24 cm below the surface and in the test with applied gravity 
retaining wall; b) at 6 cm below the surface, d) 12 cm below the surface; f) 18 cm below the surface; h) 24 cm below the surface in upper 
(H), middle (M), and lower (L) part of the slope. 
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Test at the slope with applied gravity wall was 
completed after 128th minute (end of test without applied 
retaining wall) with opening of nozzles at the upper part 
of the slope with the intensity of 122.8 mm/h that was 
higher than infiltration capacity of sandy material. 

The occurred superficial signs of sliding initiations 
and the causes for their occurrence in the case of slope 
without applied gravity wall can be explained by results of 
the continuous volumetric water content monitoring (Fig. 
5a,c,d,g). The process of landslide initiation and 
development was described by the volumetric water 
content increasing due to infiltration until saturation in 
the deepest part of the slope, forming the water table. As 
it becomes established, a flow down the slope begins, 
causing a rapid rise in the groundwater level in the lower 
part of the slope. This leads to a decrease in the soil shear 
strength with complete loss of matric suction, failure and 
further retrogressive landslide development to the top of 
the slope , Fig. 6a. 

As it noted before, in the same time under the same 
rainfall conditions, no sliding process in the slope with 
applied retaining gravity wall was occurred that indicate 
that the applied remedial measures with gravity wall and 
coarser backfill material behind the wall confirmed the 
intended role to retain sandy slope stability, Fig. 6b. 
 

 

 
 

Figure 6 a) retrogressive slide in the test on the sandy slope 
without applied gravity wall after 120 min of rainfall; b) a view at 
the sandy slope with applied gravity wall after 120 min of rainfall. 

Analysing the development of rainfall infiltration and 
forming a ground water level along the slope in both 
models with and without applied gravity retaining wall, it 
wasn’t identify significant deviations in measuring results 
(Fig. 5). Neglecting the differences in initial and trough the 
tests water contents caused by initial differences and 
heterogeneity of soil density (primarily) and water content 
(that is related to density too), the graphs that 
representing the development of volumetric water content 
in the model within the tests have similar trends in similar 
time period of applied rainfall. That pointed on the 
conclusion that the main role of applied gravity wall and 
coarser backfill material behind the wall is in a raising of 
soil strength in the slope foot and associated erosion 
prevention in slopes without applied remedial measures. 

After applying of the high rainfall intensity at the 
upper part of the slope (122.8 mm/h) that is higher than 
infiltration capacity of sandy material, sudden 
development of erosion process of sandy material and 
global instability of slope occurred, causing the exceeding 
of the bearing capacity of the soil below the retaining wall 
foundation, Fig. 7. Although the retaining wall was not 
completely collapsed and overturned, horizontal 
 

 

 
 

Figure 7 a) a global collapse of the slope in the test on the sandy 
slope without applied gravity wall with opening of nozzles at the 
upper part of the slope with the intensity of 122.8 mm/h after 138 
min of rainfall; b) a view at the applied gravity wall at the end of 
the test; there are visible movements along the gravity wall and 
zone of uplifted Rankine passive zone in a front of gravity wall 
foundations. 

a) 

b) 

a) 

b) 
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displacement enabled by the local failure of below the 
retaining wall foundation and horizontal soil compaction 
in the foot of the slope enabled global collapse of the slope. 
The applied rainfall intensities that caused this global 
collapse are significantly high, and, taking into account 
scaling relative to real slope sizes, represent rare extreme 
rainfall events. 
 
 
Discussion and conclusions 

In the previous chapter, the results of two tests carried out 
on slope inclinations of 35° degrees built of fine grained 
Drava River Sand with and without applied remedial 
measures were presented. The first test was carried out at 
the sandy slope while in the second test the gravity 
retaining wall was built-in as adopted remedial measure 
and then the slope was exposed to identical intensities of 
artificial rainfall as the slope in the first test. The gravity 
retaining wall was chosen as an appropriate remedial 
measure against instability that was occurred at the slope 
in the first test (Arbanas et al. 2020). The models, material 
and procedures that were applied during the model 
installation were presented in detail. Both models with 
and without applied gravity retaining wall were exposed to 
almost completely identical rainfall scenarios to enable 
comparison of achieved results of slope behaviours and 
effects of applied remediation measures to slope stability. 

As it was described in previous chapter, in the same 
time exposed to the same rainfall scenarios, no sliding 
process in the slope with applied retaining gravity wall was 
occurred that indicate that the applied remedial measures 
with gravity wall and coarser backfill material behind the 
wall confirmed the intended role to retain sandy slope 
stability. Analyses of the rainfall infiltration and forming a 
ground water level along the slope in both models with 
and without applied gravity retaining wall, doesn’t identify 
significant deviations in measuring results neglecting the 
differences in initial and trough the tests water contents 
caused by initial differences and heterogeneity of soil 
density and water content. The graphs that representing 
the development of volumetric water content in the model 
within the tests have similar trends in similar time period 
of applied rainfall in both tests, that pointed on the 
conclusion that the main role of applied gravity wall and 
coarser backfill material behind the wall is in a raising of 
soil strength in the slope foot and associated erosion 
prevention in slopes without applied remedial measures. 

After applying of the rainfall intensity at the upper 
part of the slope (122.8 mm/h) higher than infiltration 
capacity of sandy material, sudden development of erosion 
process of sandy material and occurrence of global 
instability of slope have been appeared, causing the 
exceeding of the bearing capacity of the soil below the 
retaining wall foundation. The retaining wall was not 
completely collapsed and overturned but horizontal 
displacement enabled global collapse of the slope. The 

applied rainfall intensities that caused this global collapse 
are significantly high, and, taking into account scaling 
relative to real slope sizes, represent rare extreme rainfall 
events, but despite this fact, in the following tests the 
applied remedial measures should be improved to avoid 
this kindof collapse even in extreme circumstances. 

During the tests, some other equipment was used 
within the slope monitoring, e.g. photogrammetric 
equipment for multi-temporal landslide analysis of image 
sequences obtained by a pair of high-speed stereo cameras, 
terrestrial laser scanning and SfM photogrammetry 
surveys, that results were not included in this paper 
analyses. These data were recorded and collected during 
the conducted tests, and these results will enable 
kinematic analyses of the points at the surface of the slope 
model determined in pre- and post-slide phases 
al. 2021). 

For the purpose to identify surface deformation at 
the start and the end of the test, terrestrial laser scanning 
survey were conducted enabling creation 3D high 
resolution point cloud (3D HRPC) of the model slope 
surface, Fig. 8. Terrestrial laser scanner (TLS) used to 
capture model surface is the FARO Focus 3D X 130 (FARO 
Technologies Inc., Lake Mary, FL, USA) ( . 
Anlysing the 3D HRPCs of the model surfaces before and 
at the end of the test, georeferenced to the same postion 
in the laboratory, it was possible to precisely compare 
model slope surfaces and detect of 3D movements at the 
comparable part of the surface. This comparison was very 
important in detecting displacements in the zone of 
applied gravity retaining wall, to identify values of the 
horzintal displacements of the gravity wall crown, 
longitudinal deformations of the wall as well as 
reconstruction of uplift in a front of gravity wall 
foundation, Fig 8b,d. 

Although the currently analysed results already give 
a detailed insight into the impact of the gravity retaining 
wall in increasing of overal slope stability in the model, 
comprehensive analysis of all collected data will enable 
more datailed and precise description of any part of the 
model and especially of remediation structure behavior. 
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Figure 8 3D high resolution point clouds (3D HRPC) of the model captured by terrestrial laser scanner (TLS): a) a view at the slope 
before testing; b) a view at the slope at the end of the test; c) side view at the slope before testing; d) side view at the slope at the end of 
the test. 
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Preliminary results on the undrained cyclic behavior of uniform sand 
at low confining stress 

Vedran Jagodnik(1), (1) (1) 
1) , Radmile 941 

 

 

Abstract Earthquakes are one of the main landslide 
triggering factors. Earthquake induced cyclic shear strain 
and stress generate the rise in the pore water pressure and 
soil strength degradation which tends toward soil failure. 
Slopes in which shallow landslide can be formed due to 
geological conditions are most susceptible to such kind of 
loading mainly because of soil low confining stress. 
Confining effective stress has a significant role on the soil 
response during static and cyclic load. Tests performed on 
soil samples under monotonic shear indicate that the shear 
strength properties increase with decreasing effective stress 
due to dilatancy. This paper presents preliminary results of 
an undrained cyclic triaxial test on sand material used for 
modelling small scale shallow landslides under 1g 
conditions. Based on the scaling rules for 1g conditions, 
frequencies of straining amplitudes for undrained strain-
controlled cyclic triaxial tests were defined. Undrained 
cyclic triaxial tests on the type of sand used in a small-scale 
landslide model were performed. Samples were 
consolidated on low confining stress which corresponds to 
an assumption of a shallow landslide used as prototype. All 
tests were conducted in the Laboratory for geotechnics at 
the Faculty of Civil Engineering in Rijeka, Croatia. The 
influence of loading frequency and low confining stress was 
investigated and a simple model for pore pressure build-up 
was proposed which can be used to estimate the increase in 
pore water pressure due to cyclic loading at low confining 
stress for frequencies of loading less than 1 Hz. 

 
Keywords: uniform sand, low confining stress, strain 
controlled, cyclic triaxial test 
 
Introduction 

One of the main landslides triggering factor is considered 
to be an earthquakes (i.e. Popescu 2002; Highland and 
Bobrowsky 2008; Wu et al. 2015; Kumar et al. 2017). Cyclic 
shear stress and strain which are the result of an earthquake 
induced shear wave propagation, degrades the soil 
strength, and generates the build-up of pore pressure which 
in turn leads to soil failure. Such behaviour is critical for 
slopes which are prone to shallow landslides. Shallow 
landslides are considered to have a depth up to around 5m 
(ICL 2016) and are greatly affected by earthquake and/or 
rainfall (i.e. Gabet and Mudd 2006; Yang et al. 2015). This is 
largely due to a low confining stress of soil (White 2020). 

Low confining stress has a significant influence on soil 
strength since the soil is considered to be pressure 
dependent material.  

White (2020) performed experiments in a triaxial 
cyclic device at low effective stresses (less than 50 kPa). All 
undrained cyclic tests were performed after isotropic 
consolidation until initial liquefaction has been reached. 
Such stresses would correspond to a stress level at a depth 
of less than 10 m from the soil surface. Higher values lead 
to faster accumulation of pore pressures. The secant shear 
modulus, , was found to decrease with increasing number 
of cycles and with decreasing effective stress, , . 
Test results of an equivalent viscous ratio show significant 
noise in the data, especially for lower cyclic load values, 
which in some experiments makes it difficult to reliably 
estimate damping ratio (White 2020).  The results show 
that when the shear cyclic strain  is less than 
approximately10 , the damping of soil does not increase 
so much and remains relatively the same with the number 
of cycles. This coincides with the literature (Dobry et al. 
1982; Vucetic 1994; Tabata and Vucetic 2010; Vucetic and 
Mortezaie 2015) where the cyclic volumetric shear stress 
threshold,  is equal to 10 , regardless of the effective 
stress, compaction, and sample structure. Once this 
threshold is exceeded, the damping of soil changes with the 
change in shear cyclic deformation and the number of 
cycles.  

Kumar et al. (2017) found that the sample tested at 
lower effective stresses (50 kPa) shows a higher damping 
quotient compared to higher effective stresses (100 and 150 
kPa) which is attributed to relatively higher stiffness due to 
sample constraints.  

Chakraborty and Salgado (2010) conducted triaxial 
compression in drained conditions, and in-plane 
compression experiments (plane-strain). The sand was 
tested at low effective stresses to determine the dependence 
of dilatation and friction angle with relative compaction 
and effective stress. The authors concluded that sand 
dilatation decreases with decreasing compaction and 
increasing effective stress. Also, it was observed that for less 
effective stress (less than 50 kPa) there is a larger scatter in 
results, compared to higher values of effective stress 
(greater than 100 kPa).  

Shaoli et al. (2003)  in their study emphasized that 
clean sand has a more significant dilating behaviour at 
lower effective stresses. Therefore, clean sand is more stable 
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at low effective stresses compared to behaviour at high 
effective stresses. This is usually not the case with fine sand 
because such sand is subjected to static liquefaction at low 
effective stresses and thus complete loss of strength occurs. 
The amplitude of the cyclic load has a significant effect on 
the generated pore pressure, while porosity plays a 
dominant role in sand behaviour.  

Sture et al. (2004) performed cyclic triaxial tests with 
a deformation control method in drained and undrained 
conditions. It should be emphasized that the experiments 
were performed in a microgravity. Microgravity is a 
weightless state in which people or objects are not 
seemingly affected by gravity (NASA 2012). This is done 
because many soil properties such as stability, strength, 
stiffness, deformation, etc. are greatly influenced by 
interparticle forces (Sture et al. 2004) . Therefore, it can be 
concluded that the behaviour of the soil at low effective 
stresses depends on the gravitational force. High friction 
angles and dilatation were observed in drained tests on 
medium-compacted samples. In undrained tests with 
weakly compacted samples, the transition from the stable 
solid to the viscous liquid state (liquefaction) was observed 
in several undrained tests.  

This paper presents preliminary results of the 
undrained cyclic triaxial test on sandy material used for 
modelling of small scale shallow landslide caused by 
artificial rainfall under 1g conditions. Frequencies of 
straining amplitudes for strain controlled cyclic triaxial 
tests were defined based on the scaling rules for 1g 
conditions and a small-scale landslide model dimension. 
Sand samples were tested at low confining stress which 
corresponds to the assumption of shallow landslide 
forming in a prototype landslide. 

 
 

Methods and materials 

Small scale dynamic landslide testing 
For the purposes of an ongoing research project focused on 
the behaviour of small-scale landslide under 1g conditions 
subjected to cyclic excitation, it was necessary to examine 
the cyclic behaviour of the used material. The material used 
was uniform sand which will be thoroughly defined later in 
the text. The small-scaled landslide is subjected to a cyclic 
excitation representing an earthquake load. Earthquake 
load was simulated using the Quanser STI-III seismic 
platform, located in the Laboratory for structures at the 
Faculty of Civil Engineering, University of Rijeka, Croatia 
(i.e. . The platform 
is driven by an electromagnetic motor controlled via 
LabView-based software. Scaling factor in this research was 
40 and it was used to determine the corresponding values 
of similitude rules which are summarised in Tab. 1. For the 
purpose of this research, scaling factor type II, according to 
Iai et al. (2005) were used. 

Quanser STI-III seismic platform is limited with the 
weight capacity so it was necessary to check what is the 
maximum frequency that the platform can achieve with 

Table 1 Similitude rules used for this research. 

Quantity Scaling factors, Type II* Value 
Length  40 
Time .  15.91 
Frequency .  0.063 
Strain .  6.32 
Displacement .  252.98 
Acceleration 1 1 

* - = .  and = 1 

 
respect to amplitude. Several trial tests were performed to 
determine the maximum frequency which was roughly 
around 8 Hz for an amplitude of 2 mm. This maximum 
frequency fortunately coincides with the prototype 
frequency of 0.5 Hz for scaling factor 40. Tab. 2 shows the 
comparison of frequencies calculated according to the 
scaling law and the one achieved by trial tests. Based on 
Tab. 2 frequencies of 0.1, 0.2 and 0.5 Hz were used to test 
soil samples in cyclic triaxial apparatus. 
 

equipment 
Cyclic tests were performed on Dynatriax triaxial system 
manufactured by Controls Group Ltd (2017). The Dynatriax 
system (Fig. 1) is a closed loop triaxial system with the 
capability of performing dynamic cyclic triaxial test in both 
drained and undrained conditions. The maximum cell 
pressure that can be applied to the soil samples is 1 MPa. 
Actuator (Fig. 1 (b)) has a frequency of 10 Hz and maximum 
dynamic capacity of 15 kN and it is controlled through the 
control unit with a pneumatic air control (Fig. 1(g)). The 
system has two linear variable differential transformers 
(LVDT’s) that are used for measuring vertical displacement, 
one outside triaxial cell and another within the actuator. 
 
 

Figure 1 Cyclic triaxial system: (a) water tank, (b) pneumatic 
actuator, (c) triaxial loading frame, (d) triaxial cell, (e) volume 
controller, (f) PC with data acquisition system, (g) pneumatic 
control system for pressures and actuator and (h) water 
distribution panel. 
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Table 2 Relation of frequencies: prototype – model. 

Frequency of 
prototype,  (Hz) 

Frequency of model 
according to scaling 

law, ,  (Hz) 

Frequency of 
model tested in 

seismic platform, ,  (Hz) 
0.1 1.59 1.7 
0.2 3.17 3.2 
0.5 7.93 8.1 

 
The submerged load cell (Fig. 1 (d)) with the capacity 

of 25  kN is used to measure a load on the sample. Cell, back 
and pore pressures are measured using pressure 
transducers connected on the lower part of triaxial cell. 
 
Soil type and specimen preparation 
Soil used in this research was classified as uniform sand, 
locally known as Drava sand . Basic 
classification tests, which consisted of sieve analysis, index 
density tests and specific gravity tests, were performed by 

, according to the ISO standards  (EN/ISO 
14688-2 2017). Basic parameters are summarised in Tab. 3. 

Specimens for triaxial testing were prepared using 
moist compaction method, also known as 
undercompaction method, developed by Ladd (1978). As 
mentioned in the previous section, selected relative density 
for small scale landslide tests under dynamic loading was 
50%. Corresponding void ratio  was calculated based on 
the minimum and maximum void ratio which is 0.78 for 
this type of material and relative density of 50%. Fig. 2 
shows stages of sample preparation. 

Prior to consolidation stage, samples were saturated 
using CO2 and water percolation together with back 
pressurising. Percolation with CO2 and water ensured that 
air was significantly removed from sample and voids were 
filled with water, which in turn, ensured large value of 
Skempon’s B coefficient ( 0.98 ) with back pressure 
values less than 90 kPa. Such small values of back pressures 
had a negligible volume deformation during saturation 
stage. 

 
Testing methodology 
Cyclic strain-controlled tests were performed on 9 samples. 
Samples were tested under three different low confining 
stress and three different frequencies. Values of confining 
stress were determined based on the scaling rules in Tab. 1 
and the assumption that the landslide depth is 
approximately 6m. List and characteristic of performed 
 

  
 

Figure 2 Sample preparation using undercompaction method. 

tests are presented with Tab. 4. All tests were performed in 
undrained condition. Strain controlled tests were 
performed as a multistage test with different cyclic axial 
strain, , . Since the tests were undrained the cyclic shear 
strain can easily be calculated from axial strain using the 
equation [1]. The values of cyclic axial strain, , , are 
summarised with Tab. 5.  
 = 1.5 ,      [1] 
 
 
Degradation and pore pressure build-up 
Special focus was given to soil damping and pore pressure 
build-up during cyclic shearing. Since the tests were 
performed using the cyclic triaxial apparatus, cyclic loop is 
not symmetrical (i.e., Kumar et al. 2017) as in dynamic 
simple shear apparatus (i.e., Silver et al. 1980; Vucetic and 
Mortezaie 2015; Thian and Lee 2017). Hence, in the 
calculation of soil degradation during cyclic test, the one 
must consider both the compression branch and the 
extension branch of the cyclic loop. Example of a 
nonsymmetric loop is presented with Fig. 3. 

Secant shear modulus for the samples subjected to 
triaxial shearing can be calculated using the equation [2], 
while the average secant shear modulus is calculated using 
the equation [3]. 
 , = ,      [2] 
 
where  is the deviatoric stress in compression and  
stands for either compression or extension. 
 , = , ,     [3] 
 

The equivalent viscous damping ratio, , was 
calculated based on a Fig. 3 and equation [4]: 
 =   | | ,    [4] 

 
where  is the absolute value of deviatoric stress in 
compression, | | is the absolute value of deviatoric stress 
in extension and ,  is the absolute value of deviatoric 
strain of the cycle. 
 
Table 3 Basic physical properties of tested sand according to 

(2021). 

Physical property Symbol Value Unit 

Specific gravity  2.70 (-) 
Effective grain size  0.19 (mm) 
Coefficient of uniformity  1.947 (-) 
Coefficient of curvature  1.092 (-) 
Minimum void ratio  0.641 (-) 
Maximum void ratio  0.911 (-) 
Hydraulic conductivity  10  (cm/s) 
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Table 4 Characteristics and list of performed strain controlled 
cyclic triaxial test. 

Test ID h/d* 
(mm/mm) 

Effective 
confining 
stress  

(kPa) 

Frequency
f (Hz) 

MDL_002_50_50_UND 100 / 50 50 
0.1 MDL_003_50_25_UND 100 / 50 25 

MDL_006_50_10_UND 100 / 50 10 
MDL_009_50_50_UND 140 / 70 50 

0.2 MDL_010_50_25_UND 140 / 70 25 
MDL_011_50_10_UND 140 / 70 10 
MDL_013_50_50_UND 140 / 70 50 

0.5 MDL_014_50_25_UND 140 / 70 25 
MDL_015_50_10_UND 140 / 70 10 

  *h/d - sample height to diameter ratio 
 
Table 5 Stages of strain controlled cyclic triaxial test. 

Stage ID Cyclic axial strain ,  (%) 
Cyclic shear strain  (%) 

1 0.0033 0.005 
2 0.005 0.0075 
3 0.0067 0.01 
4 0.013 0.02 
5 0.033 0.05 
6 0.05 0.075 
7 0.067 0.1 
8 0.133 0.2 
9 0.333 0.5 

10 0.667 1 
 

Pore pressure build-up was calculated based on the 
excess pore water pressure and is expressed as: 
 =      [5] 
 
where  is the excess water pressure in kPa and  is the 
confining stress. 
 
 
Results 

The results of cyclic undrained triaxial tests on uniform 
sand are presented in the following section. The results of 
an equivalent viscous ratio are presented in Fig. 4. 
Datapoints present the results of an ongoing research while 
solid and dashed line present the research on similar sand 
but under somewhat larger confining stress. 

Pore pressure was measured in every stage and 
pore pressure ratio, , was calculated. The values of pore 
pressure ratio at different cycles shear strain for cycle N=2 
is plotted in the Fig. 5 as data points. The authors examined 
the influence of frequency on the values obtained from 
cyclic triaxial test and proposed a simple analytic model 
that considers the frequency and number of cycles. 
Nonlinear least square method was used to obtain the best 
fit parameters (Chavent 2009; Virtanen et al. 2020). Due to 
limitation in paper length, the authors are presenting the 
model for N = 2, given with the equation [6]. 

( , ) =  0.623  .  ( +                                  0.132  . ) +  1.791  .         [6] 
 
where  is the frequency and  is the cyclic shear strain. 
 
 
Discussion and conclusions 

Low confining stress has a great impact in the analysis of 
slope stability, especially if they are in seismically active 
areas. An ongoing research project focused on the 
behaviour of small-scaled landslide at 1g conditions 
subjected to cyclic loading indicated that drainage 
conditions and frequency also plays a significant role in 
slope behaviour. Scaling laws for 1g conditions were used to 
examine the frequency of cyclic triaxial tests on sand 
samples which are equivalent to prototype. 

The preliminary results of equivalent viscous 
damping, , and normalised pore water pressure ratio, , 
are presented. The tests were performed under undrained 
condition with cyclic triaxial test on uniform sand 
subjected to strain-controlled loading at low confining 
effective stresses. The results of equivalent viscous damping 
fit very well with the results from literature (Seed and Idriss 
1970; Darendeli 2001). From the obtained results it can 
easily be noticed that low confining stress has significant 
role on soil damping at low cyclic shear strain, Fig.4, as 
mentioned by Chakraborty and Salgado (2010). This scatter 
is also due to type of available equipment used in this 
research. Dynatriax system used here is a pneumatic based 
system and is highly sensitive on the system control 
parameters, adjusted via Proportional-Integrate-Derivative 
parameter (PID), (Panda 2012). Scatter is reduced when the 
soil passes the cyclic shear strain threshold, , , after which 
soil degradation takes place. 

The values of normalised pore pressure show a 
significant rise after the cyclic shear strain of 0.01% is 
passed, which corresponds to the literature. Proposed 
analytical model for pore pressure rise (blue line in Fig. 5) 
which is in function with cyclic shear strain and frequency 
fits well with the data obtained by laboratory tests. 
 

 
Figure 3 Nonsymetry in triaxial cyclic loop. 
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Figure 4 Influence of frequency and cyclic shear strain on 
equivalent viscous damping, : (a) Frequency of 0.1 Hz, (b) 
Frequency of 0.2 Hz and (c) Frequency of 0.5 Hz. 

 
From the presented results it can be concluded that 

the confining stress plays significant role in soil damping. 
Despite that, the data for soil damping are in good 
comparison with the one from literature, which are based 
for higher values of confining stress. From Fig. 5 it can be 
concluded that the higher the frequency the higher soil 
damping is observed. Also, soil damping for frequencies 
lower than 0.3 Hz show some minor discrepancies for the 
shear strain smaller than threshold value of 0.01%. 

The values of residual pore pressure are consistent 
with the theory as well. The higher the frequency the higher 
is the  ratio. This means that the critical value of = 1 is 
reached in only few cycles of cyclic shearing for frequency 

 
Figure 5 Analytical model for pore pressure build-up [6]: (a) 
Frequency of 0.1 Hz, (b) Frequency of 0.2 Hz and (c) 
Frequency of 0.5 Hz. 

 
higher than 0.2 Hz. Proposed analytical model for second 
cycle of dynamic loading fits very well to measured data and 
can be used for a quick calculation of pore pressure build 
up. 
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Abstract Debris flows are fast-moving masses of debris 
material that often occur in mountainous regions. Due to 
high velocity, they endanger the local population. To 
predict the time of arrival and the extent of hazard zones, 
the rheological properties of debris flow material, among 
others, are needed. This study presents the rheological 
investigation of debris flow materials in Slovenia. The 
rheological parameters were measured at different 
sediment concentrations using two shear-rate controlled 
coaxial cylinder rheometers (Brookfield DV3T HB and 
ConTec Viscometer 5) and standard tests for determining 
the workability and flowability of construction materials 
(e.g., funnels, V-funnel, flow channel, flow table, L-box). 
The measured data were evaluated by using the Bingham 
rheological model. The study was conducted in two 
separate stages. Firstly, the rheological parameters were 
measured only on fines (0-0.063 mm). These tests were 
used to determine the correctness of the rheological 
parameters measured in the rheometer by predicting their 
behaviour in standard tests. Afterwards, an attempt to 
predict rheological properties from these tests was made. 
In the second stage of this study, debris materials up to 16 
mm were tested. A comparison of the rheological 
parameters obtained from the two coaxial cylinder 
rheometers was made. The study shows that the 
rheological parameters measured with the coaxial cylinder 
rheometers give reasonably good predictions of standard 
tests results, while the vice versa, i.e., from these standard 
tests estimation of rheological parameters is not possible. 
Although fines predominate the behaviour of a debris 
flow, the rheological properties are not only defined by 
fines, and thus should be tested in large rheometers with 
a wide grain-size distribution. 
 
Keywords BING model, debris flow, debris material, 
laboratory test, rheology, rheometers 
 
 
Introductions 

Debris flows are natural disasters that pose a great threat 
to life and infrastructures around the world. Numerical 
simulation of debris flow is very important element of 
potential hazard zones determinations. An important part 
of numerical models is estimation rheological parameters. 
The rheological behaviour of debris flow is depended on 
grain size distributions, fines and sediment concentration. 
In the past decades considerable work has been carried out 

to provide rheological parameters for debris material using 
different types of viscometers and rheometers (e.g., 
Contreras and Davies 2000, Schatzmann et al. 2009, 

). Many authors have 
pointed out, that there is a need to determine the 
rheological behaviour of debris flow with as large particle 
size as possible (Jeong 2006). 

This study presents rheological measurements of 
debris flow materials from four Slovenia landslides – 

. Measurements were executed 
using two coaxial cylinder rheometers and standard tests 
for determination workability and flowability of 
construction materials. Two coaxial cylinder rheometers 
were used to evaluate influence of geometry and 
maximum grain size of specimens. The low-cost standard 
test for determination workability and flowability of 
construction materials were used to investigate the 
determination possibility of rheological parameters from 
these tests. 
 
 
Development of debris flow research in Slovenia 

Practically one-third of Slovenian’s territory is highly 
susceptible to landslides. Furthermore, susceptibility 
model reveals that about 15% of Slovenia is highly 
susceptible to debris flows events (Komac et al. 2009). 
Interest on debris-flow hazard has increased in Slovenia 
after the catastrophic debris-
landslide in November 2000. Various studies have been 
performed in order to better understand this type of 
natural hazard (Mikoš, 2020).  

Majes et al. (2002) reported first rheological 
parameters of three Slovenian landslides – 
blato and Strug, measured on fines. These parameters 

rheological parameters is needed.  

rheometer size and grain distribution on rheological 
parameters of debris flow using larger rheometer. A new 
back analyse was 
rheological parameters. Again, there were differences 
between material parameters and model prediction. 

Bezak et. al. (2021) also used rheological parameters 
obtained from large rheometer to calibrate a debris flow 
model for the Koroška Bela landslides. 
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Rheological behaviour of debris material 

Debris materials display non-Newtonian flow behaviour, 
which could be described by the Bingham model. The 
Bingham model is one of the simplest and most popular 
rheological models for pseudoplastic materials. This 
model preserves linear relationship between shear stress 
( ) and shear rate ( ) including yield stress ( y) and plastic 
viscosity ( p). 
 = +       [1] 
 
The rheological parameters of debris material are usually 
expressed depending on sediment concentration (O’Brien 
and Julien 1988). The sediment concentration (Cv) in this 
study was calculated from the measured water content 
assuming full saturation of specimen. 
 = =        [2] 

 
where Vs is the volume of particles, V is the volume of soil, 
w is the water content, Sr is the degree of saturation (1 for 
fully saturated soil), s is the density of particles, and w is 
the density of water.  
 
Rheometers 
Physical problem of soil deformation in rheometers is very 
complex (Schramm, 2000). The mathematical solution is 
acceptable with some basic assumptions – laminar flow, 
steady state flow, no slip at the cylinder surface, no end 
effect, homogeneity of soil and no chemical or physical 
changes during testing (Jeong, 2006). 

From the measurements by coaxial cylinder 
rheometers, the properties of the Bingham model were 
determined considering the possibility of plug flow (Feys 
et al. 2013, Smolar et al. 2016). In the plug flow regime not 
all material flows, and the boundary between the sheared 
“fluid” and the un-sheared “solid” is called the plug radius 
(Rp). 
 =           [3] 

 
where T is torque, h is height of the inner cylinder and R0 
is radius of container. 

Rheological parameters were determined by using 
proper mathematical equation (Eq. 1) considering 
boundary conditions (Eq. 3). The Eq. 4 is obtained by 
integrating shear rates between inner and outer cylinders. 
 =     +       [4] 

 
where = min( , ) defined after Fig. 1 and Ri is inner 
cylinder radius. From the measured sets of rotational 
velocity (N) and corresponding torque (T), the Bingham  

   
Figure 1 Top view of coaxial cylinder left – with plug flow, right – 
without plug flow (Feys et al. 2013). 

 
rheological parameters can be calculated by using least-
squares method. 
 
Standard laboratory tests 
There are numerous standard tests for determination 
workability and flowability of construction materials. 
Furthermore, such determination of rheological 
properties frequently enables only measurements of 
material response to test (e.g., material spreading, time 
needed to flow) without determinations of rheological 
parameters. However, in this study the possibility of 
determination Bingham rheological parameters by using 
standard tests (funnels, V-funnel, and flow channel) were 
also carried out.  
 
Funnels 
The Bingham rheological parameters were determined 
according to outflow time from funnels using semi-
analytical approach introducing by Nguyen et al. (2006). 
The outflow times were calculated by numerical 
integration. Rheological parameters were obtained by 
comparing measured data with calculated ones.  
 
V-funnel and flow channel  
The possibility of rheological parameters determination 
from V-funnel and flow channel measurements was 
performed by using parametric analysis. However, after 
initial measurements on fines were concluded that V-
funnel is not suitable for rheological investigation of debris 
material. Debris material at low volume concentrations 
flowed from the V-funnel rapidly (about in 1 second), while 
material at higher volume concentration did not flow 
(dripping). Due to this only flow channel was used 
afterwards. 
 
 
Materials investigated 

Investigated materials are from 4 different Slovenian 
landslides –  
Grain size distribution curves of debris materials are 
shown in Fig. 2 and index properties of fines are shown in 
Tab. 1. 
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Testing equipment and methods 

Rheometers 
Two types of shear rate controlled coaxial cylinder 
rheometers were used in this study – Brookfield DV3T HB 
(DV3T HB) and ConTec Viscometer 5 (CTK 5). The main 
differences between these rheometers are the volume and 
maximal grain size of the specimen.  

 
DV3T HB Rheometer 
Smaller DV3T HB rheometer is suitable for measurements 
on fine-grained debris material (0-0.063 mm) at different 
sediment concentrations (Fig. 3). Tests in this rheometer 
were conducted by using different size of vain and smooth 
spindles. However, spindle was found not suitable for 
rheological investigation of debris material due to 
problems with slippage at the contact of material and 
spindle. Same problem is reported by Smolar et al. (2016) 
on marine clays. 

Measurements were performed by decreasing shear 
rate from 250 to 10 RPM (revolutions/ minute) in stages of 
10 RPM. Each step lasted until the vane had rotated at least 
one revolution (360°). During the investigation the outer 
cylinder was fixed, while vane was rotating. The resulting 
torque was calculated for each step as the average of 
measured values after equilibrium was reached. 

 
ConTec Viscometer 5 
Larger ConTec Viscometer 5 is primary designed for 
rheological testing fresh mortars and concrete (Fig. 4). It 
enables measurements on material with maximum grain 
size of 22.4 mm.  
 

 
Figure 2 Grain size distribution of tested samples. 

 
Table 1: Index properties of fines. 

Material wL [%] IP [/] 
 16.2 11.6 

 20.4 9.1 
 20.0 39.3 

 31.7 23.3 
 

 
 

Figure 3 DV3T HB rheometer. 
 

  
 

Figure 4 ConTec Viscometer 5. 

In this study grain size of debris material was reduced 
to 16 mm as elongated particles could jam the gap between 

pre-shear period of around 6 seconds the measurements 
were performed by decreasing shear rate from 1.1 RPS 
(revolutions/ second) to 0.1 RPS in steps of 0.1 RPS. The 
last stage of the test was shearing at rotational velocity of 

The resulting 
torque for each step was calculated from the 10 lowest 
measured values in 15 seconds of measurement, after an 
equilibration time of 1 second. 
 
Standard laboratory tests 
Funnels 
Rheological measurements using funnels were performed 
on fine-grained debris material at different sediment 
concentration (Fig. 5). The time of specimen flow through 

by 200 ml was measured. Measurements were performed 
while flow was continuous. In case of segregation or 
dripping specimens out of nozzle, the measurements were 
terminated.  
 
Flow channel 
By using the flow channel, the impact of rheological 
properties on the time and length of spreading 1 L fine-
grained debris material at different sediment 
concentration were investigated. The test started by 
opening valve and the material started to spread along the 
channel. After 30 second the spread was measured.  

The entire measurement was enhanced by recordings 
with GoPro Hero 4 camera with an accuracy of 25 images 
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per second. The recordings were afterwards equipped with 
image counter (Fig. 6). The rate of spreading was 
determined from these images. 
 
 
Test results 

Fine-grained debris material 
Rheometer and funnels 
Measured data from DV3T HB rheometer was analysed by 
using Eq. 4. Furthermore, the rheological parameters were 
estimated from funnel measurements by using semi-
analytical equations by Nguyen et al. (2006). It was found 
that one rheological parameter was close to rheometer 
measurements while the other exhibit significant 
uncertainties. Best results were obtained if rheological 
parameters from funnel measurements were fitted using 
initial approximation of yield stress as remoulded 
undrained shear stress (cur). Additionally, analysis could 
be improved by considering relationship between 
rheological parameters and volume concentration 

 
Remoulded undrained shear stress of fine-grained 

debris material was measured separately with laboratory 
vane at 0.25 RPM. 

 
Flow channel 
The results of flow channel measurements are presented 
in Fig. 8.  
 

 
 

Figure 5 Funnel with different nozzle diameter. 
 

 
 

Figure 6 Flow channel. 

 
Figure  Rheological parameters and remoulded undrained shear 
stress of fine-grained debris material. 

 

 
Figure 8 Length and rate of spreading fine-grained debris 
material in flow channel. 

 
Coarse-grained debris material 
Rheometer 
Measured data from CVT 5 rheometer was analysed by 
using Eq. 4 (Fig. 9). Rheological measurements on coarse-
grained debris material from the 
performed in twice within the interval of 3 months. Yield 
stresses were close while plastic viscosity were 
approximately two times different. 
 
 
Analysis of results and discussion 

Rheometers 
Rheological parameters obtained by rheometers were 
compared considering grain composition and relationship 
between shear stress and plastic viscosity. In case that 
rheological properties would be predominately defined by 
nature and consistency of fines, then rheological 
parameters would be only consistency of fines dependent. 
In Fig. 10 sediment concentration of fines was calculated 
by assuming that water is only bonded on fines (i.e., coarse 
grains floats in fine-grained matrix). However, the results 
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show significant differences between tests on fine-grained 
fractions or on material 0-16 mm, thus measurement only 
on fine-grained fractions cannot describe the flow 
behaviour of debris material. 
 
Flow channel 
A parametric analysis was performed to investigate a 
relationship between rheological parameters of fine-
grained debris material and length/speed of spreading 
material over the channel. Fig. 11 compares the measured 
and estimated length and rate (Eq. 8 and 9). The accuracy 
of prediction is ± 5 cm for length or ± 5 cm/s for rate. By 
inversing the problem, it was found that only yield stress 
could be reasonably estimated by measuring length and 
rate of spread, but not plastic viscosity. 

A better prediction was trying to obtain by using one-
dimensional BING model for simulating the flow of debris 
flows in subaqueous or subaerial environment. The input 
parameters of the model are the longitudinal profile of the 
bed, the initial shape of debris source (parabolic), the 
density of debris material and rheological parameters. The 
output produced by BING includes runout distance and 
frontal velocity of material. 
 

 
Figure 9 Rheological parameters of coarse-grained debris 
material. 

 
Figure 10 Yield stress, plastic viscosity and sediment 
concentration (for fines) from DV3T HB and CTV5 rheological 
measurement. 

 
Figure 11: Measured and calculated (parametric analysis) length 
and rate of spreading. 
 

 
Figure 12 Measured and calculated (BING model) length and rate 
of spreading. 

 

The funnel flow measurements were calculated based 
on rheological parameters from DV3T HB rheometer. The 
initial material shape (parabola) was such that potential 
energy was approximately the same. The model describes 
well the influence of each type of fine-grained debris 
material on the behaviour (runout distance) of the flow 
(Fig. 12), although the velocities were significantly 
overestimated The same is also reported by Remaire et al. 
(2005) and Jeon (2014). 
 
 
Conclusions 

The main conclusions based on this study are: 
 The debris materials behave as Bingham viscoplastic 

fluid. 
 The rheological parameters depend on sediment 

concentration and grain size distribution. The increase 
of sediment concentration or maximal grain size 
increases both yield stress and plastic viscosity.  
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 The rheological properties of debris flows are not 
defined only by fines. 

 The rheological parameters measured in coaxial 
cylinder rheometers give reasonably good predictions 
of standard test results, while from these standard tests 
estimations of rheological parameters are not possible. 
Standard tests are suitable for quality assessment of 
rheological measurements. 

 For real field cases, rheological properties of debris 
materials should be tested in large rheometers with as 
wide grain-size distribution as possible. 
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A use of similarity laws in landslide physical modelling: preliminary 
considerations 

 (1), Josip  (1), Vedran Jagodnik(1), Martina Vivoda Prodan(1), (1) 
1) (spajalic@uniri.hr) 

 

Abstract Physical modelling of landslides has started in 
the 1970s in Japan on natural slopes exposed to artificial 
rain. Subsequently, small-scale laboratory models’ 
development began in the 1980s with the aim of studying 
landslide behaviour such as triggering, movement, and 
accumulation. The research presented here is part of the 
Project funded by the Croatian Science Foundation 
entitled “Physical modelling of landslide remediation 
constructions’ behaviour under static and seismic actions”. 
When remediation constructions become part of a small-
scale model, the determination of a scale ratio and the 
need to establish, at least partially, similarity laws with 
regard to a real slope is inevitable. Although many studies 
use a small-scale model to research landslide behaviour of 
a real slope, there are only few studies that consider the 
scale ratio and similarity laws. In this paper, a summary of 
some of these studies is provided, along with an overview 
of all similarity laws and the characteristics that make 
them up in relation to landslides. Since the most 
important problem with small-scale models at 1g are low 
values of the overburden stresses in a model, laboratory 
tests are performed in an attempt to determine the 
relationship between the constitutive behaviour of the 
material in a small-scale model and a real slope. An 
example of geometric similarity is given here using the 
grain-size distribution curve and its influence on other 
similarities and their characteristics like infiltration rate, 
weight, and strength of soil, etc. Some preliminary results 
of laboratory tests are presented together with a discussion 
about possibilities and limitations in achieving better 
similarity of small-scale models to real slopes. 

 
Keywords physical modelling, landslide, scale ratio, 
similarity laws 
 
 
Introduction 

As one of the major geohazards, landslides are vastly 
investigated all over the world in a variety of fields, 
including landslide modelling and landslide remediation. 
Initially, landslide modelling was based solely on 
numerical methods. The development of landslide 
physical modelling began in the early 1970s in Japan on 
natural slopes subjected to artificial rainfall (Oka 1972; 
Yagi et al. 1985) Laboratory experiments on scaled physical 
models started in 1980s and 1990s, designed to study 

landslide initiation and behaviour under 1g conditions 
(Hungr and Morgenstern 1984; Eckersley 1990). The 
greatest advantage of using physical models in research is 
their wide range of applications. So, in the years that 
followed noticed researches, studies using landslide 
physical models, covered a wide range of topics, from 
landslide initiation and motion (Wang and Sassa 2001; 
Okura et al. 2002; Moriwaki et al. 2004), rainfall 
infiltration and permeability (Damiano and Olivares 2010) 
to modelling partially saturated conditions and the effects 
of suction on slope stability (Greco et al. 2010; Yang et al. 
2021). 

Although there are numerous studies and literature 
on landslide physical models and their behaviour, most of 
the studies present only the results of the experiments, 
completely or partially neglecting the theory and laws of 
similarity. In 1957, Rocha (1957) was the first to 
systematically describe the problems of scaling models of 
shallow foundations and retaining walls in soil mechanics. 
He proposed scaling the constitutive behaviour of soil 
models and assumed a linear stress–strain relationship 
between a model and a soil “prototype”. Roscoe (1968) 
conducted model experiments on walls, monitoring 
stresses at the wall–sand contact and deformations in the 
sand. He emphasized the ability of the model to fully 
replicate the behaviour of the soil whose response depends 
on its own unit weight. The deformation behaviour will be 
the same when two soil elements are subjected to similar 
stress paths, which is the case when their initial state is 
equidistant from the critical state line. Iai and others 
(1989; 2005) determined the similarity for experiments 
with a saturated soil–structure–fluid model conducted 
under 1g conditions on a shaking table. This similarity was 
determined based on the basic equations for equilibrium 
of soil mass and pore fluid pressure. An assumption was 
made that the stress–strain relationship is independent of 
overburden stresses when scaling factors are introduced 
for both stress and strain. The results showed that this 
assumption is only applicable in the range of small 
deformations, i.e., the deformation before a failure 
occurrence. Altaee and Fellenius (1994) continued the 
path of Roscoe and emphasized the need to determine the 
critical state line, since the behaviour of a cohesionless soil 
is a function of its position in the  ln  plane and its 
vertical distance from the critical state line, as it was 
mentioned by Roscoe. Some researchers (e.g. Gibson 1996; 
Meymand 1998) used an approach of the distance of soil 
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element state from the critical state line to achieve a 
normalized constitutive behaviour of a material when 
using scaled models. 

The research presented here is funded by the 
Croatian Science Foundation as a part of the Project 
“Physical modelling of landslide remediation 
constructions’ behaviour under static and seismic actions”, 
whose main objective is to model and study the behaviour 
of remediation constructions. The results could provide a 
basis for improving the standard design of remediation 
constructions in engineering practice. While results from 
small-scale landslide physical models are undoubtedly 
very useful in researching certain problems (e.g., debris 
flow initiation, propagation), even without considering 
scaling laws, the law of similarity becomes necessary and 
unavoidable when considering remediation constructions. 
The focus of this research is to analyse the different 
similarity laws and to determine the mutual 
influences/relations between the different types of 
similarity. In this paper, an overview of the similarity laws 
and their mutual influences will be given, along with 
simple examples of their application. 

 
 

Similarity laws in small-scale landslide physical models 

There is a wide field of engineering problems, including 
both fluid, solid mechanics, and their interaction, in which 
various types of physical models are used to predict a 
behaviour of particular physical systems, also known as 
prototypes (Buckingham 1914; Baker et al. 1991). The three 
main laws of similarity are: geometric similarity, kinematic 
similarity, and dynamic similarity (Baker et al. 1991). 
Geometric similarity means that the corresponding linear 
dimensions are in the same proportion, i.e., the model has 
the same or similar dimensions as the prototype; in our 
case, this would be a real slope. Kinematic similarity 
means that displacements, velocities, and accelerations 
change uniformly on both the model and the real slope. 
Finally, dynamic similarity means that the ratios of all 
forces acting on both the model and the real slope are 
constant. Geometric similarity is the easiest to achieve, 
and even models that are not completely similar 
geometrically can behave similarly. It will be shown later 
that even a change in such a simple law of similarity as 
geometric similarity can have a major effect on all other 
similarity laws. 

When considering the similarity between a small-
scale landslide model and a real slope, the main challenge 
is to achieve constitutive behaviour similar to that of a real 
slope, whose response is closely related to the overburden 
stresses present in the soil due to its own weight. In small-
scale models, the height of the soil layer is much lower 
than in real slopes, and consequently the overburden 
stresses in the model are much smaller that have 
significant impact to soil resistance. 

A complete similarity implies that all three similarity 
laws are satisfied, which is very difficult to achieve in 

practice regardless of which engineering problem is 
observed. Depending on the problem considered, each 
similarity law includes different characteristics. Tab. 1. 
gives an overview of the characteristics that are included 
in each of similarity laws. 

The process of determining similarity is significantly 
complex and requires linking several similarity 
characteristics, each of that affects several other 
characteristics in different ways. Often, due to the 
complexity of a model, satisfying the conditions for just 
one or two similarity laws are adopted. Complete 
similarity between the real slope and a model that 
accurately predicts the behaviour of the real slope is 
probably impossible to be achieved. 

As an example, a geometric similarity characteristic, 
grain-size distribution, can be taken and its influence on 
other characteristics and similarity laws considered. 
Grain-size distribution affects dynamic similarity by 
changing of soil strength parameters – cohesion and 
internal friction. Also, a change in grain-size distribution 
affects kinematic similarity by change in the shearing 
velocity, infiltration rate, flow velocity, etc. The mutual 
influence of similarities and individual characteristics in 
landslide similarity is very extensive and hard to 
encompass all at once. 

 
 

Materials and Methods 

A small-scale physical model was designed to enable 
landslide initiation under the influence of rainfall and 
equipped with a complex monitoring system. Since the 
focus of this research is on the similarity of small-scale and 
real landslides and the possibility of achieving it as much 
as possible, the focus of this paper is on laboratory tests on 
the materials used in the model. More on the experiments 
performed on the physical model can be found in Jagodnik 
et al. (2021)and  (2022). 
 
Table 1 Similarity laws and their characteristics in relation to 
landslides modelling. 

Geometric 
similarity 

Kinematic 
similarity 

Dynamic  
similarity 

Model 
dimensions 

Particle 
displacements Soil unit weight 

Slope angle 
inclination 

Particle 
velocities 

Strength 
parameters 

Friction 
angle 

Cohesion 

Grain-size 
distribution 

Particle 
accelerations  

Moisture 
content 

Water flow 
velocity  

Soil 
volumetric 
characteristics 

Rainfall 
intensity  

 Infiltration  
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Material 
Because of relatively simple behaviour in terms of 
infiltration and landslide initiation, sand was chosen as the 
basic material in initial small-scale experiments and for 
determination of similarity laws in this study. A further 
simplification is that the influence of suction on hydraulic 
and mechanical response of sand is completely neglected, 
considering very small values of suction that may exist in 
such a soil. This makes the characteristics of the similarity 
laws much less complicated. 

The used sandy material is the Drava River fine 
graded sand with a maximum grain size of 2.0mm. The 
grain-size distribution curve is shown in Fig. 1, while Tab. 
2. presents the basic physical properties of the soil and the 
initial conditions at the beginning of the experiments. 

 
Methodology 
Laboratory testing includes direct shear tests, large shear 
tests, and triaxial tests on the sandy material, but the last 
will not be discussed in detail here. The main objective of 
conducting laboratory tests is to determine relationships 
between soil material behaviour in a small-scale model 
and a prototype, i.e., a real slope in nature. The geometric 
scale ratio selected for this study is 1:20, i.e., = 20. The 
1:20 scale ratio was chosen in view of the depth of the 
shallow sliding surfaces of several meters. This is 
consistent with the depth of the sliding surfaces in the 
model of 15 to 20cm in the total slope layer height of 30cm. 
As mentioned in the previous section, the biggest problem 
in small-scale models is the influence of the soil stresses 
magnitude in a model to the shear strength of the slope 
material caused by small overburden (self-weight) 
 

 
Figure 1 Grain-size distribution curve of the Drava River sand.

Table 2 Basic physical properties of the Drava River sand and the 
initial conditions at the beginning of the experiments. 

Soil properties Values 
Specific gravity  (/) 2.70 
Dry density  ( / ) 1.52 
Total density  ( / ) 1.55 
Effective particle size  ( ) 0.183 
Effective particle size  ( ) 0.237 
Effective particle size  ( ) 0.320 
Uniformity coefficient  (/) 1.749 
Curvature coefficient  (/) 0.959 
Minimum void ratio  (/) 0.641 
Maximum void ratio  (/) 0.911 
Hydraulic conductivity  ( / ) 1E-05 
Peak/residual friction angle  (°) 35 /33 
Cohesion  ( ) 0 
Initial porosity  (/) 0.437 
Initial void ratio  (/) 0.776 
Initial relative density  (%) 50 
Initial water content  (%) 2 

 
stresses. The differences in the magnitude of the soil 
stresses in the small-scale model and a real slope (factor of 
1:20) can be seen in Fig. 2. Stress–strain analysis was 
performed in Rocscience software, program package RS2, 
version 2020 11.003 (2020). 

To illustrate the complexity of using similarity laws 
in landslide modelling, an example is given here. A 
geometric similarity, i.e., grain-size distribution, is chosen 
here as one of the characteristics to show how much the 
characteristics of similarity are intertwined. If the grain-
size distribution as a geometric characteristic and a scale 
ratio of 1:20 is taken as, the grain-size distribution curve is 
determined that is 20 times larger, as it can be seen in Fig. 
3. In reality, this is a much coarser material (i.e., gravel) 
than the sand used in the model. It has a much larger 
permeability and water flow, which affects the kinematic 
similarity, and different strength parameters (friction 
angle and cohesion), which affect the dynamic similarity. 

Both the sand and this 20 times larger material (i.e., 
gravel) were tested in direct shear and large shear tests, 
respectively, to determine shear strength parameters. 

 

 

 
Figure 2 Magnitude of effective vertical soil stress in: a) small-scale model, b) real slope (factor 1:20). 

ba
4.54 90.82 
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Figure 3 Grain-size distribution curve of the Drava River sand and 
scaled material 20 times larger. 

Tests on sand in direct shear apparatus were 
performed at small normal stresses (4, 8, 15kPa) and at 
larger normal stresses, similar to the standard tests (25, 50, 
100kPa). Large shear tests on the scaled material were 
performed at stresses 20 times larger than those present in 
the small-scale slope model. The results are presented in 
the next section. 
 
 
Preliminary results 

 
In this section, the preliminary results of the soil testing 
are presented. In Fig. 4a, shear strength envelopes are 
presented, obtained from the direct shear tests under very 
small normal stresses, similar to those of the small-scale 
model, and at larger normal stresses, similar to those of a 
real slope or model slope scaled by a factor of 20. The 
difference between the friction angle of the soil at small 
normal stresses ( = 39°)  and at large normal stresses 
( = 35°) can be noticed. Since the results suggest that 
the relationship is not linear over the entire stress range, 
more detailed tests should be performed under the stress 
conditions that exist in the small-scale model. In Fig. 4b, 
the results from the large shear tests performed on the 
larger, scaled material can be seen. The friction angle of 
the scaled material is much larger ( = 51°) than those of 
the original material. 
 

 
Fig. 5 shows a stability analysis performed in the software 
Rocscience, program package Slide2, version 2020 9.008 
(2020), in which the factor of safety (FoS) is compared for 
the following simple examples: small-scale sandy slope, 
real slope with sandy material, and real slope with gravelly 
material. The stability analysis performed is the simplest 
possible, with the aim of showing and comparing these few 
examples of similarities in landslides. All three analyses are 
performed at a slope inclination of 35° for the same initial 
conditions and at a water level rise to the toe of the slope. 
It can be observed that the small-scale model with sand 
(Fig. 5a) has a higher FoS (1.211) with respect to the real 

slope model with sand (Fig. 5b), while the real slope model 
with gravel (Fig. 5c) has a significantly higher FoS (1.846) 
than both sand models. 

These examples of stability analysis give two 
directions in observing the similarity laws - one from the 
aspect of changing the dimensions of the geometric model 
and the other from the aspect of changing the grain-size 
distribution curve. Both characteristics are aspects of 
geometric similarity, which is the easiest law to achieve. 
To even begin to compare the results of the stability 
analysis in Fig. 5, you must consider the overburden 
stresses present in both slopes, as shown in Fig. 2. While 
the small-scale slope has effective stresses of about 4kPa in 
the middle of the slope layer (Fig. 2a), the real slope has 
effective stresses of about 90kPa in the same profile area 
(Fig. 2b). Although the increased stress level in the 
laboratory tests reduces the friction angle, there are some 
aspects that need to be considered when comparing FoS in 
Fig. 5a and Fig. 5b. Here, a unit weight of the material in a 
real slope is much larger, which consequently means 
greater compaction of the material and greater 
overburden stresses in the slope, which in turn contributes 
to greater shear resistance of the soil. Thus, the stability 
analysis and the FoS cannot be unambiguously considered. 

The stability analysis shows a similar position of the 
sliding surface in all three models. Of course, the 
conditions in these models are different, with the 
exception of the water level at the toe of the slope, but it is 
likely that the mechanism of slope failure is very similar to 
that which occurred in the experiments on the physical 
model. Because of the nature of the material in Fig. 5c and 
the initial conditions of the material in Fig. 5b (i.e., 
infiltration to a larger soil layer height, required rainfall 
intensities, rainfall duration, etc.), the conditions leading 
to failure of the slope will be different from those in the 
small-scale slope model in Fig. 5c. 
 

 

 
Figure 4 Soil strength parameter results from: a) direct shear 
tests, b) large shear tests. 

20x

a

b
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Figure 5 Stability analysis for slope at 35°: a) small-scale model, 
b) real slope with sandy material (factor 1:20), c) real slope with 
gravelly material (1:20). 

 
 

Discussion and conclusions 

An application of the similarity laws to the physical 
modelling of landslides is presented here. Two 
characteristics of geometric similarity are presented here 
as the simplest examples - geometric similarity of model 
dimensions and similarity of the grain-size distribution 
curve. It is necessary to highlight other characteristics and 
influences of different similarity laws in relation to 
landslide physical models, which are listed in Tab. 1. 

This paper analyses the geometric similarity of the 
model dimensions for the sandy material used in the 
small-scale model and for the real slope using a slope 
stability analysis. The original material was tested in direct 
shear under a range of stresses corresponding to the 
overburden stresses in the small-scale model (Fig. 2a) and 
the real slope with dimensions 20 times larger (Fig. 2b). 
The preliminary results of the tests indicate that the shear 
strength envelope depends on the magnitude of the 
effective stresses and that increasing the stress level 
decreases the friction angle (Fig. 4a). The geometric 

similarity of grain-size distribution curve is analysed by 
scaling the grain-size distribution curve to a material 20 
times larger (i.e., gravel). Due to the size of the particles, 
this material was tested in the large shear under stresses 
similar to those in the real slope to determine the soil 
strength parameters. The results of the scaled material 
give a much greater friction angle compared to the original 
material (Fig. 4b). 

The change in the grain-size distribution curve 
affects a variety of other similarity characteristics. Both 
materials (i.e., sand and gravel) have relatively simple 
behaviour - they are cohesionless soils with high 
permeability and infiltration rates, while the values of 
suction that can occur in sand are very low, so suction can 
be completely neglected. However, if the similarity of the 
grain-size distribution curve is used to obtain a different 
type of material, the same aspects and their influence can 
be observed. For example, if this material is a clayey soil, 
the conditions and processes in the model would be very 
different. Behaviour of clay is completely different than 
sand or gravel because of existence of cohesion, much 
lower permeability, and higher soil suction values. When 
these physical properties are combined with a change in 
model dimensions to those of a real slope, several other 
problems arise, and the effects on a variety of similarity 
characteristics should be considered. In a real slope model 
with a much larger soil layer height and a much lower 
infiltration rate, the conditions that lead to failure would 
take much longer to develop. In addition, an appropriate 
amount of rain must fall on a such slope in a given period 
of time. Unlike sandy and gravelly material, the time to 
failure here could be measured in days or months, not just 
a few hours. Since it is unlikely that this type of material 
will absorb all of the rainfall, runoff must also be 
considered in the slope model. 

Two simple changes in geometric similarity (i.e., 
model dimensions and grain-size distribution) would 
cause a change in dynamic similarity by changing the soil 
weight, which depends on model dimensions and 
corresponding overburden stresses, and a change in soil 
strength parameters, which depends on a material 
obtained by scaling the grain-size distribution curve. The 
above-mentioned effects are the result of considering only 
two simple characteristics, the dimensions, and the grain-
size distribution curve, although there are more 
characteristics that could be taken into account. It is 
obvious that the process of obtaining similarity is very 
complex. 

The best results in achieving similarity can be 
obtained with the simplest similarity characteristics 
presented in this paper - the model dimensions and the 
grain-size distribution curve, since they represent the 
geometric similarity. Achieving similarity becomes more 
complicated when dealing with more complex soil 
materials with a higher percentage of fine particles. In this 
case, other characteristics must be also considered – 
cohesion, suction, infiltration rate, rainfall intensities, etc. 
In these small-scale models under 1g conditions caused by 
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rainfall, kinematic behaviour in terms of particle velocity 
and acceleration is not so much significant. In this type of 
experiment, where the mechanism of sliding (but not 
flowing) is observed, the displacement velocity is not so 
important as a results. Here, the mechanism of the sliding 
and failure along with all the conditions that lead to failure 
are of the most important interest. These conditions are 
rainfall and its associated intensity, the rate of infiltration 
into the slope, the amount of runoff, the rainfall duration 
necessary for a given intensity to cause sliding, etc. 

In the literature, a very few results obtained in small-
scale models were back-analysed to examine what actually 
happened in real slopes. Although the results are 
undoubtedly useful to investigate certain problems in 
landslide research, when combining a physical model with 
a scaled construction such are retaining walls or pile walls, 
the similarity law must be considered, at least to some 
degree of acceptance. Only then the models and the real-
size mitigating solutions can be comparable and thus 
provide more realistic results. Establishing the similarity 
between the various characteristics presented in this paper 
is a necessary prerequisite for further research and 
detailed development of similarity aspects as well as small-
scale remediation designs. 
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Abstract In May 2018, during a heavy local rainfall, a 
debris flood transported some 20000 m3 debris and 
destroyed torrential structures and damaged the bottom 
station of the Krvavec ski resort cabin lift. The return 
period of the local rainfall event was estimated to be above 
50 years. After immediate mitigation measures in 2018 to 
remove deposited debris and clean the station, a technical 
documentation was prepared in 2019-2021 for a more 
detailed mitigation in order to protect the area from future 
debris floods and potential debris flows. After 
reconstruction of destroyed torrential control structures 
in the lower section, a large reinforced concrete slit check 
dam was planned at the confluence of the two main 
tributaries: Lukenjski and Brezovški graben. Its retention 
volume is 14000 m3 and its capacity to stop the inflowing 
debris will be supported by a series of flexible net barriers 
in the two tributaries, 12 barriers in total. Their height 
ranges from 3 to 6 m and their span from 9 to 25 m. This 
paper presents a good example of the holistic approach 
how to control erosion processes that results in small 
landslides and granular/hyperconcentrated flows. 

 
Keywords debris floods, mitigation measures, RAMMS, 
ring nets, Slovenia, flexible barriers  
 
 
Introduction 

Substantial parts of Slovenia are subjected annually to 
landsliding (Mikoš et al. 2004). Different forms of mass 
movements (e.g. Jemec Auflič et al. 2017) are triggered 
mainly during strong local storms with heavy 
precipitation, after prolonged rainfalls, or during and after 
strong earthquakes. Such events are focus of numerous 
research activities (Mikoš 2020), but also require for 
engineering mitigation works in hazard areas. In Slovenia, 
various torrential hazards are threatening also 
infrastructure, among others also touristic infrastructure. 
Since tourism is an important economic sector in Slovenia, 
safe operation of any infrastructure in touristic 
destinations is of paramount importance for sustainable 
tourism and individual safety of tourists during leisure and 
holidays, including indoor and outdoor sport activities and 
recreation. This paper describes a torrential event in May 
2018, when a strong local thunderstorm damaged the 
bottom cabin lift to the Krvavec ski area in N Slovenia, and 

its mitigation to secure its safe operation during and after 
strong local thunderstorms triggering debris floods and 
debris flows (Sodnik et al. 2021). 
 
 
Materials and Methods 

The Krvavec ski area in N Slovenia 
Krvavec Mountain is a ski resort in the Kamnik-Savinja 
Alps (northern Slovenia) and stretches from 1450 to 1971 m 
a.s.l. It is a high Alpine ski resort having its own artificial 
snow producing system, being therefore potentially 
resilient also for incoming climate changes. The first ski 
lift was constructed in 1958. With 29 km of ski slopes, it is 
one of the largest ski resorts in Slovenia. The main 
approach for the resort is the cabin lift, that was 
completely reconstructed in late 90’s. Due to its high 
altitude, the Krvavec ski resort is very popular and the 
operational and safe cabin lift is crucial for its operating 
and further development.  

 
Rainfall and debris flood event in May 2018 
On May 30, 2018, an intense rainfall event occurred in the 
Krvavec area. Approximately 50 mm of rain in 30 minutes 
was recorded at the Krvavec weather station at 1740 m a.s.l. 
The rainfall intensity for 30min duration was estimated as 
50 to 100-year return period event. Numerous small 
landslides occurred and resulted in mass flows that 
travelled downstream in the Brezovški and Lukenjski 
graben. Around 10000 m3 of the debris from the Brezovški 
graben was deposited around the bottom station of the 
Krvavec cabin lift, which was partially damaged (Fig. 1).  
 

  
Figure 1 The Krvavec bottom station of the cabin lift after May 
2018 event. 
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Fortunately, the debris material from the Lukenjski graben 
was deposited on the flatter part of the channel, upstream 
from the confluence with the Brezovški graben. Shortly 
after the May 2018 event, Slovenian Water Agency 
approached to the mitigation works. After first field 
interventions (i.e. cleaning of deposits), geological survey 
was carried out and a conceptual design was prepared. 
After a formal acceptance of the proposed technical 
solutions, final technical design for the proposed 
mitigation works was prepared. 
 
 
Results 

Geological investigations 
After the first field interventions, geological survey of the 
area was carried out, focusing on the estimation of amount 
of debris material that could mobilize in future events. 
Geological map with critical sediment sources areas was 
prepared. General characteristics of the May 2018 event 
source area, transport of the material and lithological 
characteristics of accumulated material indicated that 
event characteristics were more typical for a 
hyperconcentrated flow (i.e. debris flood) rather than for 
a debris flow. The source area of deposited material was 
not an individual landslide, but rather a longer torrent 
section where erosion and small side slumps occurred. 
Based on the field survey, it was estimated that events with 
similar magnitudes could occur in the future. More 
detailed results are presented in the literature (Bezak et al. 
2020). 

Hydrological investigations and debris flood modelling 
Hydrological model, using HEC-HMS was prepared to 
simulate runoff conditions in the Brezovški and Lukenjski 
graben. The peak discharge Q100 was estimated for further 
use in the design process of mitigation works. The 
numerical simulation model RAMMS-DF was applied to 
simulate May 2018 event. The main aim of modelling was 
to obtain debris flow pressure on structures and flow 
velocities. The model was calibrated based on the position 
and volume data about deposited debris material. More 
detailed results are presented in literature (Bezak et al. 
2020). 

 
Proposed mitigation measures 
Conceptual design suggested three main mitigation 
measures: i) restoration of regulation of the Reka torrent 
downstream from Brezovški and Lukenjski graben 
confluence; ii) a new large check dam (barrier) with large 
sediment trap; iii) erosion control measures on the 
Brezovški and Lukenjski graben to prevent large sediment 
and erosion outbursts in the future.  

Final execution designs were prepared for all three 
stages. Restoration of the Reka regulation (check dams, rip 
rap bank protection) was carried out in 2021. New large slit 
dam with 14000 m3 sediment deposit capacity with 
associated measures presented in Fig. 2 is in the phase of 
building permit and land acquisition and is planned for 
construction in 2nd half of 2022 or in 2023.  

 

 
Figure 2 The slit check dam location and its main characteristics with its the transversal and longitudinal cross section. Spacing among 
contour lines is 2 m. Additional structures that are to be built are also shown in the figure (e.g. several sill structures). 
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Flexible net ring barriers proved to be a successful 
countermeasure for shallow landslides and debris flows 
(Geobrugg 2022a). Based on these experiences, a series of 
flexible net barriers is planned in the channels of the 
Brezovški and Lukenjski graben (Fig. 3), to prevent side 
erosion (bank collapses, slumps) and thus to limit 
sediment supply from sediment sources. Eight flexible 
barriers are planned on the Brezovški graben (Fig. 4) and 
four on the Lukenjski graben. Height of the barriers varies 
between 2,5 and 6 m and the sediment trap capacity 
between 100 and 800 m3. Top width of the barriers varies 
between 9 and 25 m.  

All the barriers were designed and dimensioned 
using DEBFLOW online tool, developed by Geobrugg 
(Berger et al. 2021). The design of the barriers was modified 
because the deposits are not intended to be removed after 
the events, but the main purpose of the barriers is to 
reduce channel slope, reduce velocities and support 
unstable channel banks. Because of this specific design, 
not all barriers are designed for debris flow impact, but all 
of them are designed for overflowing forces. The upstream 
barriers and the barriers with larger distance to next 

upstream barriers are designed for debris flow impact, 
which is one of the possible scenarios in the phase where 
barriers will be filling up with sediments. The final state of 
the barriers will be, when all of them are filled up, 
torrential bed slope reduced and bank erosion mostly 
mitigated. Based on the topographic characteristics, VX 
type of barriers (Fig. 5) are chosen. Some of them were 
customized with additional ropes and anchors, since there 
was no need to use stronger, more resistant nets, but only 
to add some ropes to fulfil all the design requirements 
(stability, resistance).  

The downstream section of the Lukenjski graben is 
accessible by road, but the upstream part is not. Therefore, 
special equipment will be used for the construction of the 
4 barriers in the Lukenjski graben. The Brezovški graben, 
on the other hand, is accessible only on foot. Therefore, an 
old forest road will be reconstructed to get close to the 
channel. Several logging lifts will be installed to transport 
the construction material to the construction sites, and 
most of the work will be done manually, because it will not 
be possible to get the excavator to the exact locations of 
the most of the barriers in the Brezovški graben. 

 

 
Figure 3 Digital ortophoto with Brezovski graben, Lukenjski graben and planned flexible barriers (yellow marks). 
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Figure 4 A longitudinal profile of the Brezovški graben with the locations of the 8 flexible net barriers. 

 

 
Figure 5 Example of a designed VX barrier. 

 
 
Debris flow monitoring 

The proposed mitigation works were soon also seen as a 
good opportunity to put research into practice by jointly 
developing a field debris flow observatory for a better 
understanding of debris flow dynamics and its interaction 
with protection structures.  
 

Geobrugg GUARD and debris flow dynamics 
The GUARD is a waterproof small device (2.6 kg), simply 
installed on the suspension rope of every protection 
barrier (Geobrugg 2022b; Fig. 6). Since it is packed with a 
selection of sensors which transmits environmental and 
physical data over a mobile network (GSM / UMTS / LTE) 
for decades, rockfall or debris flow events are clearly 
logged. One needs to correlate the locally measured 
weather data (wind, air temperature, precipitation, …) 
with the logged data in the Guard. 



Proceedings of the 5th Regional Symposium on Landslides, Rijeka, 2022 

223 
 

 
Figure 6 Example of the Geobrugg Guard installation (Geobrugg 
2022b). 

For the purpose of this project, several Guards will be 
installed on protection barriers in the Brezovški graben to: 
- estimate corrosion of the nets, 
- detect single debris flow events (including single 

surges) by measuring impacts on the barriers up to 200 
g and forces in the barrier ropes up to approximately 
300 kN, knowing orientation of the Guard.  
The field site of a protection barrier will be supported 

by video monitoring using simple hunting trail cameras 
used for wildlife photography. Such cameras can be 
triggered by movement of a debris flow just before it hits 
the protection barrier. Video surveillance will enhance the 
understanding of debris flow dynamics in the retention 
area above each net barrier.  

Several occasional field measuring campaigns are 
planned to estimate the volume of retained debris after 
each debris flood respectively debris flow. Different 
techniques may be applied for this purpose, such as small 
drones (UAV), stereo photogrammetry or terrestrial laser 
scanning. 

 
Concrete mixtures abrasion monitoring 
The durability of torrential protection structures against 
torrential hazards is a function of environmental factors 
(such as air temperature, insulation, snow and rain, frost 
and chemical weathering, impacts of rocks or debris, 
etc….) as well as the materials used for their production 
(such as concrete durability, steel corrosion, wood decay). 

Positive experiences with regard to abrasion 
durability of concrete mixtures used for hydraulic 
structures were gathered in the past (Kryžanowski et al. 
2009; 2012). Therefore, their upgrade is planned by an 
investigation in the harsher torrential environment 
governed by debris floods and debris flows rather than by 
suspended loads, as it was the case in the past in the Lower 
Sava River. For such a concrete durability tests, one needs 
to know exact mechanical loads that are causing abrasion. 
Such field tests correspond well with the standardised 
laboratory test for underwater abrasion of concrete (ASTM 
2006). 

Within the framework of this project, in-situ 
measurements of concrete abrasion resistance will be 
performed. The following steps will be executed: 
- casting of concrete plates in a laboratory, using 

different recipes. The foreseen size is 50 x 50 cm due 
to transport reasons. Up to four different recipes are 
to be prepared, using expertise from on-site 
measurements on the Lower Sava River (Kryžanowsky 
et al. 2009). Two replicates will be prepared for each 
concrete type, using also a typical concrete mixture to 
be normally applied in torrent control works in 

Slovenia, as well as some advanced concrete mixtures 
with enhanced abrasion resistance using micro silica 
and steel fibers. 

- placement of the concrete plates in a steel frame on 
the torrential bed in the Brezovški graben upstream of 
the upstream-most located net barrier. 

- occasional measurements of the abrasion of plates will 
be performed in-situ, using precise techniques to 
differentiate changes onthe order of 0.1 mm. 

- plates will be finally removed and weighted in a 
laboratory to determine the exact weight changes due 
to abrasion. 

- using data on debris deposited upstream of the net 
barrier, estimated sediment transport rates will be 
gathered and correlated with the abrasion rates of 
different concrete mixture types subjected to real 
debris flows and hyperconcentrated flows in the 
Brezovški graben. 

 
 
Conclusions 

The Krvavec May 2018 case study has shown the true 
vulnerability of existing touristic infrastructure in Slovenia 
due to natural hazards. The proposed mitigation measures 
will decrease the rest risk and potential damages for future 
torrential events triggering fast flowing phenomena such 
as debris flows or debris floods. Under different climate 
change scenarios, it is our aim to adapt to more extreme 
weather events and to recognise existing risks in order to 
minimise risk gaps. 

The Sendai Framework for Disaster Risk Reduction 
2015-2030 asked to apply science, technology and research 
in the field of disaster risk reduction. A small contribution 
to these world-wide efforts should be our planned field 
observatory that will transfer remotely gathered data to us 
via mobile network for maintenance and inspection 
planning and early warning purposes. We hope to be able 
to report on its successful installation and initial results at 
the next ReSyLAB Symposium. 
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Geotechnical 
unit Geotechnical description 

GU 1 Talus, gravelly clay and poorly graduated clayey 
gravel with pebbles and blocks. 

GU 2 

Highly to medium weathered (HW/MW) 
dolomites, medium to high compressive 
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Abstract Slope stabilization systems with meshes made of 
high-tensile steel wire have been in use for 20 years and 
have proven to be reliable systems on loose rock and soil 
slopes. Design can be carried out for any specific 
geotechnical setting of a slope using a freely available 
software called RUVOLUM®. The flexible, high tensile 
steel mesh can also be used to stabilise landslide areas in 
combination with a previously dimensioned anchor grid 
using global stability analysis software. This paper 
presents a landslide case study in Austria where TECCO®, 
flexible, high tensile steel wire meshes for slope 
stabilization were successfully applied while previously 
installed concrete rib works failed. Several rockfalls and 
slides led to road closures in Tyrol during the winter of 
2018. Focus will be on an event in the Oberinn Valley, 
southwest of Innsbruck. The Ladiserroad (L286), a state 
road in Tyrol, was affected twice within a short period of 
time. The cause of the rockfall and the landslide is most 
certainly due to the particularly unfavourable 
combination of weather conditions at the time, with heavy 
rain, heavy snowfall, thaw, and then freeze-thaw cycles. 
Part of the slope, from the Bündnerschiefer formation, was 
previously secured with concrete ribs that were carried 
away. A larger section of the slope than previously 
identified failed and subsequent protection measures were 
planned and executed in the summer of 2018. The chosen 
solution became an anchored solution using TECCO®, a 
high tensile flexible steel mesh cover. Approximately 
10000 m2 were stabilised with an optimised nail grid of 2.5x 
2.5 m, while the nail length ranged from 3 to 15 m. The 
landslide and its mitigation, design and installation will be 
presented in detail, as well as the state of the project four 
years later. 

 
Keywords landslide mitigation, high-tensile steel mesh, 
flexible protection system, TECCO® 
 
 
Introduction 

For more than 20 years, steel wire meshes made of high-
tensile steel has been used for slope stabilization. This type 
of protection measure represents an ecological solution 
compared to classic slope stabilisation works, as much less 
material is used on site. For example, light steel mesh is 

used instead of concrete and an optimised nail pattern can 
be implemented that requires fewer anchor bars and less 
drilling. The flexible, high tensile steel mesh can also be 
used for landslide site stabilisation in combination with a 
previously dimensioned anchor grid by global stability 
analysis software.  

This paper presents a landslide case study, in Austria, 
where flexible, high tensile steel wire meshes for slope 
stabilization were successfully applied while previously 
installed concrete rib works failed. Two sites, 
Ladiserstrasse and Serfauserstrasse, which are 
geographically close to each other and were affected by an 
exceptional series of events in the Tyrol region during the 
same period of time. After a brief description of the 
geology and the triggering factors of the events, the 
mitigation solution will be presented in detail. Finally, an 
outlook on the state of the measures four years later will 
be given with regards to the slope stability and 
revegetation of the slope. 
 
 
Overview of the region 

Geographical setting 
The two sites are situated in the Oberinnvalley, south of 
Landeck, in the Tyrol region of Austria. The site further 
north is referred to Ladiserstrasse and the site further 
south corresponds to the Serfauserstrasse (red rings in Fig. 
1). 
 

 
Figure 1 The two sites Ladiserstrasse (red ring further North) and 
the Sefauserstrasse (red ring further South) in the Oberinn Valley 
(tirisMaps 2018). 
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Geology 
The geology of the Oberinn Valley, and in particular of the 
two sites in question, is dominated by the greyish 
calcareous Bündnerschiefer formation (Hammer 1914) 
from the Mesozoic, surrounded by the older 
Silvrettagneiss formation. The greyish Bündnerschiefer 
consists of more or less metamorphosed calcareous 
formations and clayey schists as well as breccias and 
conglomerates. 

The digital terrain model (Fig. 2), from 2014, when 
studied in detail, shows disturbances at both sites that 
could indicate past movement on the slope. This would 
also explain the presence of mitigation systems at both 
sites, such as concrete ribs holding the slope in place. 

 
 
The landslide events in 2018: Ladiserstrasse and 
Serfauserstrasse 

Weather and circumstances 
An exceptional series of natural hazard events marked the 
Tyrol region at end of January 2018, affecting sites such as 
the Pillerstrasse, the Vals landslide, the old 
Reschenstrasse, etc. This series of events was due to a 
particular set of weather patterns that occurred at the end 
of January and beginning of February. This included a 
heavy rainfall at first, followed by heavy snowfall. This was 
followed by a rise in temperature that led to snow melting 
and finally a freeze-thaw cycle (ORF 2018a). A rockfall had 
already occurred on the Ladiserstrasse between Ried im 
Oberinntal and Ladis in the last week of January. The road 
was then buried several meters high by a second event, this 
time a major landslide, and was closed for several weeks. 
The rockslide was triggered by extensive creep movements 
on the slope, which were underway and concerned a large 
forested steep slope above and below the state road. 
Experts agree that the cause of the rockfall and the slide 
most certainly lies in these particularly unfavourable 
combination of weather conditions at the time (ORF 
2018b). 
 
Ladiserstrasse 
The digital terrain model highlights the Ladiserstrasse 
landslide (Fig. 3) and Figs. 4 and 5 show the extent of the 
damage. 

Part of the slope, from the Bündnerschiefer 
formation, was secured with concrete ribs that were 
spectacularly carried away during the sliding and captured 
on video. A larger part of the slope than previously 
identified failed, leading to road closures and the need to 
prepare immediate mitigation measures. 

 
Figure 2 Digital Terrain Model of the Oberinn Valley, 1 m 
resolution (tirisMaps 2014). 

 

 
Figure 3 Close up of the digital terrain model, where the red ring 
indicates the Ladiserstrasse landslide area in 2018 (tirisMaps 
2014). 

 

 
Figure 4 View from the blocked Ladiserstrasse, where a large part 
of the slope failed after the extreme weather conditions in 
January 2018. 



Proceedings of the 5th Regional Symposium on Landslides, Rijeka, 2022 

233 
 

 
Figure 5 View from the top of the landslide along the 
Ladiserstrasse. 

 
Serfauserstrasse 
The Serfauserstrasse landslide presents a slope failure 
similar to that at the Ladiserstrasse. The digital terrain 
model highlights the Serfauserstrasse landslide (Fig. 6) 
and Figs. 7 and 8 show the extent of the damage. The 
concrete ribs were applied before the landslide event to 
stabilise the slope. 

 
Figure 6 Detail of the digital terrain map showing unstable slope 
features, with the ring indicating the slope failure of the 
Serfauserstrasse in winter 2018 (tirisMaps 2014). 

 

 
Figure 7 View from top of the landslide along the 
Serfauserstrasse, approximately one month after the event. 

Figure 8 View of the beginning of works to clear the road from 
the landslide mass. 

 
Mitigation solutions 

Slope failures occur when the shear stress along a plane 
exceeds the shear strength of the substrate, which is quite 
a similar process to a fault rupture (Clague and Stead 2012). 
Increase of the shear stress in the ground depends on 
multiple factors starting with the type of rock, type of 
underlying rock, stratigraphy, weathering state, and 
surrounding hydrogeology. Variations in temperature and 
precipitation, especially the alternation between extremes 
can act as a trigger for ground motion (Clague and Stead 
2012). 

 
Landslide mitigation with high tensile steel facing and nailing 
According to the European Norm EN 14490 there are three 
different types of facings for slope stabilisation purposes: 
hard, soft and flexible. 

Hard facing generally corresponds to shotcrete or 
concrete structures. These systems are more vulnerable to 
an earthquake because the stiffer a structure is, the more 
it is accelerated and risks damage. Once the protection 
measure is damaged, it loses its retention capacity. 

Soft facings for slope stabilization consist of different 
geogrids, geomembranes or geotextiles. This type is 
generally applied for temporary slope stabilisation or as 
erosion control mats.  

Flexible facings, also defined as active slope 
stabilization systems are a combination of steel wire mesh 
and soil nailing. As the following case studies will show, 
one type of flexible facing, the TECCO system (high tensile 
steel wire mesh transmitting the forces of the slope acting 
on the mesh back into the ground via soil nails), is suitable 
for this type of site. 

 
Dimensioning of high-tensile steel mesh 
Slope stabilisation always begins with the design of the 
slope through classical geotechnical calculations. This 
allows getting a nail grid spacing. Subsequently, the 
flexible facing can be dimensioned using RUVOLUM®, a 
freely available software, to verify stability of the shallow 
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slope (  2m) and the stability between the nail grid. Both 
load cases are termed “sliding off parallel to the slope” and 
“local wedge-shaped rupture bodies”. Detailed 
explanations of the RUVOLUM® dimensioning concept 
can be found in Cala et al. 2020. 

 
Works on landslide stabilization 
The necessary protection measures were planned and 
executed shortly after the events and were completed in 
the summer 2018. First, scaling and profiling of the slope 
was carried out with walking excavators and a 2200 m2 
concrete anchor wall of was constructed at the bottom of 
both slopes. Up to 3 walking excavators and two drilling 
trucks with a reach of 32 m each, and up to 15 people were 
used throughout the construction period (Berger + 
Brunner Construction Company 2018). 

The chosen landslide stabilisation solution became 
an anchored solution with a high tensile flexible steel 
mesh cover. An area of approximately 10000 m2 was 
stabilised with an optimised nail grid of 2.5 x 2.5 m. 15000 
meters of IBO anchors with diameters of 32, 38 and 51 mm 
were drilled, with the length of each anchor ranging from 
3 to 15 m (Berger + Brunner Construction Company 2018). 

Additionally, 35 m³ of in-situ concrete anchor beams 
were installed in the rock face, partly to secure the 
concrete ribs still in place. Finally, in Serfauserstrasse a 
rockfall protection fence was installed on top of the slope 
covered with mesh. The fence was 4 m heigh and 75 m long 
with a capacity of 2000 kJ. 

The following Figs 9 to 12 highlight the details of the 
works on Ladiserstrasse and Figs 13 to 15 on 
Serfauserstrasse landslide stabilization (Berger + Brunner 
Construction Company 2018). 

 

 
Figure 9 View of the unstable slope at Ladiserstrasse, where the 
first part of anchoring and mesh deployment is completed, 
allowing secure works underneath to be completed. 

 
Figure 10 A walking excavator in action, drilling the next row of 
anchors, while being already protected from the top, as the high-
tensile steel mesh is already installed. 

 

 
Figure 11 Rope access work while installing the high-tensile steel 
mesh. 

 

 
Figure 12 Stabilisation of the concrete ribs that were undamaged 
during the slope failure, with a concrete anchor beam and high-
tensile steel mesh cover. Note the larger spike plates in this 
section, belonging to the TECCO system, which can support 
higher loads. 
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Figure 13 View of the unstable slopes along Serfauserstrasse. 

 

 
Figure 14 Drilling truck starting on the stabilisation works at the 
bottom part of the Serfauserstrasse instability. 

 

 
Figure 15 Final works underway at the Serfauserstrasse, with a 
highlight on the greening mat along the bottom part of the road. 

 
The works on landslide stabilization were completed 

in June 2018 and the Figs 16 to 20 illustrate the results. 

 
Figure 16 Orthophoto of the stabilised slope along the 
Ladiserstrasse (tirisMaps, 2018). 

 

 
Figure 17 Ladiserstrasse as seen from the road (Google Earth Pro, 
2018). 

 

 
Figure 18 Orthophoto close-up for the stabilised slope along the 
Serfauserstrasse (tirisMaps, 2018). 
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Figure 19 Serfauserstrasse as seen from the road (Google Earth 
Pro, 2018). 

 

 
Figure 20 Serfauserstrasse stabilised slope, with a rockfall barrier 
at the top, anchored high-tensile steel mesh in the middle and 
greening mats in the bottom part of the slope. 

 
Revegetation of the slopes 
In general, there is a danger of erosion on steep soil slopes 
(Cala et al., 2020) for example by rainwater falling directly 
on the protected slope. In case of high intensity and long 
duration of rain, this can lead to major erosion problems. 
The problem can be solved with a full-surface vegetation 
face. The roots stabilize the surface layer and considerable 
amount of water is stored in the vegetation layer before it 
runs off. However, it takes time for effective vegetation to 
form. Vegetation cannot develop on a slope subjected to 
movements and erosion. Therefore, it is often necessary to 
provide erosion protection together with the mesh to 
prevent erosion and washing-out for the time being and to 
create conditions for successful greening later on. 

At the site along the Ladiserstrasse a one-season 
solution for erosion control with a coconut cover was 
chosen. In Serfaus, a multi-season solution for erosion 
control was chosen, combined with a high-tensile steel 
mesh. This gives the vegetation an opportunity to come 
back over the course of several seasons, instead of one or 
two seasons.  

 
Conclusion and Outlook 
This case study with Ladiserstrasse and Serfauserstrasse 
sites highlights how well stabilisation of an area prone to 
landslide can be carried out with flexible facing and 
anchors. The design of the facing is possible and allows to 
choose the appropriate mesh for the present load cases. 
When greening is considered at the very beginning of a 
stabilisation project, successful revegetation can be 
achieved. In the spring 2022 the state of the solution at 
both sites will be assessed again and presented. 
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Abstract During the E75 Highway construction in the 
Grdelica Gorge in Serbia (Corridor X), complex fossil 
landslides were reactivated in two cuts. The geotechnical 
investigations were performed in several phases from the 
Preliminary through the Main Design, but comprehensive 
remedial measures were developed after additional 
geotechnical monitoring and re-design in the final stage of 
highway construction. Both fossil landslides were formed 
in complex geological settings, i.e. extremely anisotropic 
albite-chlorite-muscovite schists from early Paleozoic. 
Engineering geological conditions were determined by 
lithological composition, presence of highly weathered 
and tectonized zones, as well as presence of local torrential 
streams and surface erosion. In this paper two case studies 
of fossil landslides reactivated during highway 
construction in complex geological conditions and lessons 
learned after several phases of investigation and design 
will be presented. 

 
Keywords fossil landslides, highway construction, 
geotechnical investigations, design 
 
 
Introduction 

Construction-induced landslides usually occur in 
slopes/cuts mostly due to excavation, which can cause 
many problems and delays in transport infrastructure 
projects realization. It is not unusual that large volume 
excavations for highway construction lead to massive 
instabilities in particular when complex morphological 
and geological settings prevail. Zhang et al. (2012) 
discussed a case of repeated failures on a high cut due to 
multi-excavation for G212 highway in China. The analysis 
shows that the excavation-induced repeated failures was 
related to the exposure of the weak bedding plane and the 
toe unloading of the slope cut. Solberg et al. (2008) 
reported reactivation of large, prehistoric clay slides due to 
the construction of a new highway (E39) in Buvika, mid-
Norway. Unexpected instabilities in the flysch and 
molassic formation caused by Egnatia Odos highway 
construction in the Greece were explained in Christaras 

(1997). Skempas (2017) describes some case histories with 
slope instability problems at various sections of the 
Egnatia Odos Highway Project in Greece and the methods 
that have been applied for overcoming these events and 
constructing the highway. In recent years, China’s road 
infrastructure projects expansion causes many landslides 
triggered by engineering activities because of complicated 
and misinterpreted geological features (Zhang et al. 2021; 
Yu et al. 2020).  

During the Corridor X highway construction through 
the Republic of Serbia many instabilities were caused by 
excavation frequently in combimation with unforeseen or 
poorly investigated ground conditions on both the   
Corridor X sections (E75 and E80). Georgalas et al. (2017) 
explains geological and geotechnical conditions during 
construction of E80 highway from Niš to Bulgarian border, 
and noticed that out of 20 excavated cuts, 18 have faced 
sliding failures, resulting in suspension of the works, 
awaiting remedial geotechnical designs. The implications 
of the insufficient geotechnical investigations that caused 
delays and a significant increase in the project costs and 
schedule overruns on E75 section of Corridor X were 
presented in  et al. (2016) and 
(2018). The most demanding section along the E75 
highway was the one through the Grdelica Gorge, where 
Cut 3 and Cut 5 were found to be crossing two fossil 
landslides which were reactivated during highway 
excavations. In this paper we will present lessons learned 
after several phases of investigation, design and highway 
construction in complex geotechnical conditions. 

 
 

General data 

Corridor X Project 
The integration of the Serbian transport network into the 
regional and Trans-European Network (TEN-T) remains 
critical for Serbia’s economic and social development. 
Corridor X is the longest and busiest road transport 
corridor in the Western Balkans. It passes through Serbia 
and the Republic of North Macedonia, connecting Croatia 
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and Hungary with Bulgaria and Greece. The total length of 
the Corridor is 726 km, 531 km of which are in Serbia. As 
the most important transport route for Serbia, Corridor X 
enhances regional connectivity through linkages to the 
TEN-T Orient/East-Med Corridor and represents the 
shortest link to Europe (through Croatia and Hungary), 
and to the Middle East, Asia, and Africa (through Greece 
and Bulgaria). In 2008 the Government of the Republic of 
Serbia (GoRS) committed to completion of the core road 
infrastructure on Corridor X.  

Construction activities started in 2012, but both 
sections (E75 and E80) were opened for traffic in 2019 after 
almost two years delay. Geographical position of E75 
section and position of critical cuts (CUT3 and CUT5) are 
presented in Fig. 1. 

Study area 
The Grdelica Gorge is a part of the South Morava River 
basin, located in the southeastern part of Serbia. In the 
mid-1950s, the Grdelica Gorge was identified to belong to 
the areas most endangered by soil erosion in Europe. 
Namely, there are 137 torrential streams, direct tributaries 
of the South Morava river, registered on the small area, 
along 26.6 km of the Grdelica Gorge length (Kostadinov et 
al. 2018). After the Second World War numerous erosion 
control works had been performed in the Grdelica Gorge, 
as well as the entire South Morava river basin, which 
resulted in significant reduction of soil erosion by the end 
of the 1980s. The bedrock predominantly belongs to 
Paleozoic Serbo-Macedonian Massif (SMM). SMM in 
Serbia and North Macedonia represents an entirely 
metamorphic belt comprising a structurally lower unit 
(the Lower Complex) and an upper unit (the Vlasina Unit), 

97). These units 
are commonly differentiated on the basis of their 
metamorphic grade, with the Lower Complex 
predominantly metamorphosed at medium to lower 
amphibolite facies, and the Vlasina Unit at greenschist 
facies (low-grade cristaline). The Vlasina Unit consists of 
the pre-Ordovician greenschist facies represented by 
chlorite, biotite, muscovite, sericite and epidote schists 

 

 
Figure 1 Geographical position of Grdelica Gorge (Area of Interest 
- AOI) and position of CUT3 and CUT5 within AOI. 

Both fossil landslides are formed in highly weathered and 
tectonized albite, chlorite, muscovite, and sericite schists 
from the Vlasina Unit on the left bank of the South Morava 
river.  
 
Evolution of landslides 
The highway construction on E75 section Grabovnica-

to the FIDIC 
Conditions of Contract for Construction, the Red Book 
form, which meant that technical documentation was 
provided by the Investor (the Republic of Serbia). The 
Main Design assumptions were based on very limited 
knowledge from site investigation together with the 
prepared engineering geological mapping and laboratory 
testing. The lack of access roads to the location of cuts was 
one of the main reasons for the limited scope of site 
investigations, as well as the very short time available for 
preparing technical documentation for the final design 
and tendering of the project . 

Initial instabilities in both fossil landslides (CUT3 
and CUT5) started in 2014 during excavations for the 
highway construction according to the Main Design. 
Shallow landslides occured at that time and additional 
geotechnical investigations were performed in 2015. Re-
design of a frame supporting structure and micropile walls 
as remedial measure were suggested by Contractor and 
accepted by Investor in 2016. Implementation of the 
proposed measures started in mid 2016, but displacements 
progressed and  escalated in both cuts during late winter 
of 2017 and early spring of 2018. More geotechnical 
investigations were performed again – including LiDAR 
survey, numerous boreholes, laboratory testings and 
geotechnical monitoring, which started in 2017. Table 1 
shows geotechnical investigation works conducted for the 
Main Design and during highway construction on the 
CUT3 and CUT5 from 2014 to 2019. 

 
 

Landslides features 

CUT3 
The first shallow instabilities on CUT3 begun in 2014, but 
the large fossil landslide was not recognized after  
additional geotechnical investigations performed in 2015, 
as well as in the Main Design (2010). According to the new 
design from 2016, construction of micropille wall was 
executed, but micropille wall monitoring showed uniform 
cumulative displacement of 45 cm from December 2017 to 
March 2018. High-resolution LiDAR scanning from 2018 
had detected indicators of earlier occurrences flow-like 
landslide on high-resolution terrain surface model, as well 
as displacement of the South Morava river because of 
deep-seated landslide which probably blocked the river in 
the past (landslide dam). All installed inclinometers (2017-
2018) showed displacement depth between 8 m and 43 m, 
i.e., up to 15 m below the highway platform. Landslide was 
aproximatelly 600 m long and 200 m wide, and average 
slope angle was 15°.  
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Table 1 List of geotechnical investigation conducted from 2010-2019. 

Name of CUT and 
chainage 

Geotechnical investigation 
for Main Design (2010) 

Additional geotechnical 
investigations 2014-2016 

Additional geotechnical investigations 2017-
2019 

CUT3 
km 876+510 to km 
876+740 

5 trial pits (2015) 7 boreholes in total 
length 134 m; laboratory, 
geophysics, piezometer (1) and 
inclinometer (1) installation 

(2017) 12 boreholes in total length 433 m, only 
piezometers and inclinometers installation 
(2017) 3 available boreholes logs in total length 
140.3 m, geophysics 
(2018) 3 boreholes in total length 150 m, 
laboratory, and inclinometers installation (3) 

CUT5 
km 879+350 to km 
879+775 

12 boreholes (max depth 
17 m) in the zone of 
retaining structure at toe 
of the slope, laboratory 
(mainly index tests) 

(2015) 10 boreholes in total 
length 116 m; laboratory, 
piezometer (1) and 
inclinometer (1) installation

(2017) 21 boreholes in total length 284 m, only 
piezometers and inclinometers installation; 
(2018) 30 boreholes in total length 708 m, 
geophysics, laboratory, inclinometers 
installation (8); 
(2019) 11 boreholes in total length 260 m, 
laboratory, inclinometers (7) and piezometers 
(4) installation 

Type of landslide material is predominantly 
sandy/silty clay (completely disintegrated schists-S***) in 
the upper part of landslide body and highly weathered 
schists (debris and boulders in fine-grained silty/clay 
matrix – S**- S*) in the lower part of landslide body. Basic 
material properties of landslide body and stable ground 
are presented in Table 2. The residual strength parameters 
from direct shear tests proximal to the zone of sliding 
surface were r = 13-16° and cr =3-6 kPa. Failure mechanism 
was a combination of sliding (in the lower parts), and 
flowing in the upper parts of the slope. 

 Simplified map of the landslide is shown on Fig. 2, 
while representative cross-setion is shown on Fig. 3a. In 
general, the entire slope has a high groundwater table. 
Saturation on the ground surface was recognized during 
all field campaigns and it was caused by inflow from two 
gullies located on the upper part of slope, but fluctuation 
of piezometric groundwater levels were not significant, 
except in December 2017-February 2018 period (Fig. 3b).  

 

  
Figure 2 Simplified map of landslide area (CUT3). 

 
Figure 3 Simplified cross section of landslide and proposed remedial measures on CUT3.
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Figure 4 Ground water level on CUT3 from October 2017-March 
2018. 

 
CUT5 
Potential instabilities on CUT5 were recognized within 
technical documentation for the Main Design and area 
was marked as “marginaly stable slope”. The first 
displacements started in October 2014 during  excavations 
in the slope toe area, and construction of micropilles was 
implemented according to the re-design of initial 
remediation measures available from the Main Design. 
During 2016 the landslide was widening and was 
retrogressing upslope and beyond the expropriation line.  

Landslide width was 200 m in the zone of main scarp 
and 400 m in the zone of the landslide toe, while landslide 
lenght was 350 m in January 2018. Landslide material 
predominantly consists of Quaternary elluvial-dilluvial 
silty clays and completely disintegrated and highly 
weathered schists (S***- S**). Average slope angle was 
about 25o, but many local morphological indications of 
previous movements and steeper parts of the landslide 
surface were indicated. 

Engineering geological mapping, analysis of borehole 
logs, and morphological analysis of high-resolution LiDAR 
image had confirmed the presence of a complex fossil 
landslide in reactivation stage. Inclinometer readings 
showed several sliding surfaces (9-15 m), with the deepest 

sliding surface at 22 m, indicating a translation mechanism 
of sliding and “blocky” movements. 

A simplified engineering geological map is presented 
in Fig. 5, while a representative cross-section is given in 
Fig. 6. Basic material properties of landslide body and 
stable ground are presented in Table 2, while residual 
values of shear strength parameters from direct shear tests 
in the zone of sliding surface were r = 20-23° and cr =3 
kPa.  

The diagram of piezometric ground water level 
fluctuation showed slight influence of sesonal inflow from 
precipitation (from June 2017-March 2019), except the 
period from December 2017-March 2018 when snow and 
snow melting caused rising of ground water level in several 
piezometers (Fig. 7). 

 
Figure 5 Simplified map of landslide on CUT5. 

 
 

 
Figure 6 Simplified cross section of landslide 1-1  and proposed remedial measures on CUT5. 
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Table 2 Material properties of engineering geological units identified on CUT3 and CUT5. 

Description of Engineering geological units on CUT3 
and CUT5 

RQD Laboratory results Photos of borehole logs 

  
(kN/m3) 

c  
(kPa) 

 
(o) 

 

S*** 
Completely weathered and disintegrated shists – 
mainly surface parts of the slope and a part of 
landslides bodies 

 18-22 3 -14 13-23 

S** 
Highly jointed and weathered schists – mainly 
below S*** and part of landslides bodies 

< 20 20-23 5-20 20-23 

S* 
Medium jointed shists – partially weathered along 
joints, structure is preserved and part of landslides 
bodies 

20-50 25-27 17-40 29-37 

S 
Jointed non-weathered shists – grey to green albite-
muscovite-chlorite schists, structure and texture are 
preserved – stable ground 

>50 27-28 >250 45-55 

 
Figure 7 Ground water level on CUT 5 from June 2017-March 2019. 

Final remedial measures design 

CUT3 
The remedial measures from the original Design from 2015 
consisted of a combination of micro pile wall and shotcrete 
supported by pre-stressed and self drilling anchors. The 
protective structure was in the final stage of the 
construction works in August 2017 when excessive 
movement of the supporting structure had been reported 
after excavation of the last stage and the starting of 
construction works on road and pavement. As mentioned 
earlier, additional geotechnical investigations and 
airborne LiDAR scanning were performed in the next few 
months.  

The new remedial measures proposed consisted of 
various works planned in three phases of construction. 
The first phase (as the most important),  had consisted of 
200.000 m3 landslide material unloading behind existing 
retaining structure of micro-pilles and construction of 
drainage trenches for surface drainage. The second stage 

consisted of large diameter pile wall (  1200 mm) next to 
the South Morava river side in the toe of  landslide with a 
reinforsed embankment. In the third phase the 
construction of vertical reinforced concrete beams along 
the  micropile wall had been  involved. The beams were 
supposed to be anchored with long (55 m) pre-stressed 
anchors in stable rock layer behind sliding surface. On the 
platform of the berm a 6 m gabion wall is designed in order 
to stabilize the existing support structure with micro piles. 
During implementation on the third phase of remedial 
measures and after continuous monitoring by 
inclinometers and geodetic bench marks additional large 
diameter pile wall (  1500 mm) is designed in the upper 
part of landslide.  Simplified cross-section with remedial 
measures is presented in Fig. 5, while panoramic view of 
remedial works on CUT3 is presented in Fig. 8.  
 
CUT5 
According to the Main Design in the zone of CUT5 a 
simple 7 m high concrete wall was originally designed. The 
total length of the cut was approximately 500 m and 
around 7 m high. During excavation and construction of 
the wall, in the last 100 m of the cut a small landslide was 
activated in 2014. After two years of investigations and 
monitoring it was concluded that the entire cut area was a 
pre-existing landslide.  

New remediation design was prepared by the 
Institute for traffic and transportation (CIP) in November 
2017. Remedial measures included construction of three 
stiff structures (K1, K2 and K3) consisted of two rows of 
large diameter piles (  1500 mm), long pre-stressed 
anchors (40 m) and additional excavation in between. 
Simplified cross-section with remedial measure is 
presented in Fig. 6, while a panoramic view of remedial 
measures on CUT5 is presented in Fig. 9.  
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Figure 8 Google Earth Pro view on CUT3 from August 2021 
(access January 2022). 

 
Figure 9 Google Earth Pro view on CUT5 from August 2021 
(access January 2022). 

Conclusions 

In this paper two case studies of fossil landslides 
reactivated during E75 highway construction in Serbia 
under complex geological conditions are presented. Both 
fossil landslides on CUT3 and CUT5 are formed in highly 
weathered and tectonized albite, chlorite, muscovite, and 
sericite schists from the early Paleozoic Vlasina Unit on 
the left South Morava river bank. After several phases of 
investigation and design some conclusions can be 
summarized as follows: 
- Lack of understanding of the prevailing complex 
geological settings in the Feasibility study resulted to the 
wrong selection of the highway corridor alignment; it is 
recommeneded that advanced remote sensing techniques 
should be introduced for the future planning of 
infrastructure corridors 
- Insuficient geotechnical investigations during the 
early phases of highway design (Preliminary and Main 
design) resulted to cut slopes instability problems during 
excavations, which subsequently neccessitated additional 
geotechnical investigations  
- Additional geotechnical investigations should had 
been extended beyond the expropriation line by the 
Investor and fine-tuned according to complexity of ground 
conditions 
- Advanced geodetic survey, like LiDAR scanning 
should had been performed before construction 
excavations and combined with detailed morphological 

analysis, especially in the zones of fossil or dormant 
landslides 
- A geotechnical monitoring system should had been 
recognized by the Investor and Contractor and installed 
early enough and systematically, for the accurate detection 
of the sliding surface(s) and the mechanism of movement 
- Design solutions should be climate resilient and 
conservative when applied in complex geotechnical 
conditions; insufficient measures always lead to re-design 
and significant increases of project costs and schedule 
overruns. 
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Abstract Landslides are common on roads, which directly 
affect the flow of traffic and the connection and 
functioning of the population in surrounding area. 
Therefore, it is necessary to investigate them in the 
shortest possible time and to determine and carry out the 
remediation solution. Functionality of the state roads is 
immensely important so it is necessary to ensure that the 
traffic is maintained during remediation activities. 
Therefore, design solutions and remediation execution 
technology should be adapted to these requirements. 
Landslides are frequently formed in the road 
embankments and cover materials on the top of the 
bedrock due to exceeded soil strength parameters as a 
result of groundwater flow. 

The paper presents experiences from practice on 
landslides remediation in the Republic of Croatia: 
landslide Laz 18 on state road D29 in section 38+254, 
landslide Dedin on state road DC3, section 015 in section 
2+060, landslide Vranja on state road DC500, section 001 
in section 2+400, landslide Dubravci on state road DC3, 
section 012 in section 4+400. The cause and mechanism of 
landslides, design solution for remediation measures and 
experience during the execution of works are presented. 
Landslide remediation measures mainly consisted of pile 
walls with cap beams or retaining walls and geotechnical 
anchors or rod anchors where necessary. In addition, in 
the impact area of each landslide a reconstruction of 
stormwater drainage system was carried out. After the 
completion of remediation works, monitoring equipment 
was installed to monitor the geotechnical structure and to 
verify the design solution. 

 
Keywords landslide, remediation measures, stability 
 
 
Description, cause and mechanism of landslides  
 
State roads are public roads that have the function of 
connecting the territory of the Republic of Croatia into the 
European transport system as well as interconnecting 
regions within the Republic of Croatia (counties, larger 
cities) and enable traffic transit. Continuous and safe 
traffic is of significant interest to the country, and 
landslides are one of the dangers that can temporarily or 
permanently disable it. Landslides are common on roads, 
where the most common triggers are geologically 
unfavourable terrain structure, excessive traffic load, 
inadequately constructed or unmaintained road drainage, 

inadequate drainage of surrounding terrain that directly 
affects the roads, clogged culverts, and drainage canals, 
etc. 

When landslides occur on state roads, it is necessary 
to perform an inspection in the shortest possible time (up 
to 24 hours), and to start with geotechnical investigation 
works and preparation of the design documentation for 
the landslide remediation as soon as possible. 

In the event of instability, the safe flow of traffic is 
endangered. One of the frequent requiwemwnts by the 
investors is to allow permanent or temporary traffic in at 
least one lane. These roads are often the only way for 
buses, supplies, firefighters, and ambulances to operate. 

The paper presents four different landslides on state 
roads (Laz 18, Dedin, Vranja and Dubravci), and for each 
landslide the causes and mechanism, geological structure, 
and remediation solution are described. 
 
 
Description, cause and mechanism of landslides 
(comparation of different geological conditions and 
landslide initiators/triggers) 

Landslide Laz 18 on state road DC29 km 38+254 
Laz 18 landslide was located on the northern edge of the 
City of Zagreb, south of Krapina-Zagorje, between the 

formed on a forested unstable slope (approximately 30 - 35 
°) to the southwest, while the left side of the landslide 
passes along the edge of state road DC 29, in section 38 + 
254. The Suhopot stream flows in the toe of the landslide 

a). On the part of the unstable slope, along the 
northwestern edge of DC 29, a landslide of about 20-40 m 
wide and about 150 m long was started. 

 
Figure 1 3D Engineering geological cross section of the landslide 
Laz 18 with marked investigation boreholes and Suhopot stream. 
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Elements of secondary sliding were determined within the 
investigated Landslide. There was a possibility of further 
expansion of the landslide on the sides, which directly 
affects the stability of the road embankment. 

Detailed engineering geological and geotechnical 
investigation works were carried out. Investigation drilling 
was performed and 13 boreholes with a depth of 3.0 to 8.0 
m (total of 66.0 m) were performed (Fig 1). In the 
boreholes, the groundwater level was continuously 
measured, and ranged from 0.4 m to 3.7 m from the 
ground level. Laboratory tests were performed on 
disturbed and undisturbed samples from boreholes. 

The whole location consists of Miocene limestone 
marls covered with a continuous deluvial-eluvial cover 
(Fig. 1). Investigation works determined the leakage of 
groundwater at the contact between the landslide 
colluvium and the deluvium/eluvium or at the contact 
between the landslide colluvium and the substrate. A 
constant groundwater level was determined around the 
existing Suhopot stream on the southwestern edge of the 
landslide toe. 

The landslide main body was defined by the contact 
of materials of different physical and mechanical 
characteristics. This was an active landslide that tended to 
expand in several directions: in the direction of the 
landslide movement (downwards), in the direction 
opposite to the direction of movement (upwards) and on 
both sides of the landslide. 

Based on all conducted research as well as 
reinterpretation of previous investigations in the area, a 
geotechnical model of the landslide was developed, which 
was used for the analysis and development of a project 
solution for road rehabilitation.  
 
Landslide Dedin on state road DC3 (section 015) km 2+060 
The Dedin landslide was located in Dedin, which is part of 
the city of Delnice in the Primorje-Gorski Kotar County. 
The existing section DC 3 state road was constructed partly 
by cutting and backfilling on natural terrain – northeast 
part of the hill. The road structure is reinforced by stone 
supporting structure with existing culverts (at two 
locations). 

Due to the landslide, the pavement was damaged by 
tensile cracks, which affected traffic safety. The location 
consists of deposits of upper triassic breccia 
conglomerates covered with cover material and deluvial-
eluvial deposits. 

Stormwater was drained by existing culverts, but 
mostly it naturally infiltrated into the ground through 
well-permeable gravel deposits and the deluvial-eluvial 
cover and very weathered substrate. 

The landslide body is formed in the cover material 
and deluvial/eluvial deposits. The landslide is most likely 
triggered due to exceeding the strength of the near-surface 
materials, traffic vibrations (frequent heavy vehicle traffic) 
and local disturbance of physical and mechanical 
characteristics of deluvial-eluvial cover due to continuous 
atmospheric actions (Fig. 2). 

 
Figure 2 Photo of the state road DC3 (section 015) at km 2+060 
before remediation works. Tension cracks at the crown of the 
landslide Dedin are visible on the asphalt. 

The landslide body passes through several different 
geotechnical units. The width of the sliding body was 15.0 
m, the length was 10.0 m, and thickness was about 2.0 m. 
The volume of the sliding body was estimated to be about 
300 m3. 

Due to unfavourable hydrogeological and 
geomorphological conditions, as well as terrain and road 
configuration (part of the road was constructed in the 
slope and part of the road was on the embankment), 
further instabilities of cover deposits (deluvial/eluvial 
deposits and landslide deposits) were possible. Also, new 
landslides could be triggered on lateral and higher parts of 
the slopes due to unloading a). 

 
Landslide Vranja on state road DC500 (section 001) km 2+400 
The location of Vranja landslide was in the Istria County, 
on the state road DC500, at km 2+400. The area of Vranja 
landslide is located north of the settlement of Vranje and 
passes through an uninhabited area along its entire length 
of the road. In the southwestern part of the road, there 
were tensile cracks 40.0 m long and 2.50 m wide. 

The landslide was approximately 45.0 m wide and 
approximately 80.0 m long and included the lower part of 
the state road . The landslide also affected the slope below 
the state road. The road has a slight slope to the northeast, 
while the terrain below the road has a steep slope of up to 
30° to the southwest and is forested. On the north-eastern 
side of the road, there are surface outcrops of rock mass. 
Part of the road was constructed as embankment on the 
slope. 

During the terrain inspection of the state road and 
surrounding area, the elements of the landslide were 
determined. The crown of the landslide was represented 
in the form of tensile cracks on the southwestern edge of 
the DC500 road, while the toe of the landslide, ridges and 
accumulation are not clearly visible due to the vegetation 
and forested terrain. The sliding surface along the slope is 
covered with landslides colluvium and is not clearly 
visible. On the natural slope below the road there are 
traces of landslides/soil creep (irregularly inclined trees, 
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irregular slope relief etc.). Frequent tensile cracks were 
observed within the road below the slope a). 

According to the conducted geotechnical 
investigations, translational sliding of the slope southwest 
of the state road DC500 was determined, at km 2+400, in 
the part of the embankment and deluvium deposits with a 
sliding surface at the depth of approximately 4.5 - 9.0 m 
below the road embankment. This type of landslide 
(consequent landslide) includes deposits of cover material 
and deluvium whose sliding surface is formed within 
deluvial deposits, in contact with the bedrock made of 
alveolar limestones (Hungr et al. 2014). The landslide at 
the state road DC500 is retrogressive and the rupture 
surface could be extended in the direction opposite to the 
movement of the displaced material. Also, the deposits of 
the road embankment are additionally loading the 
landslide body. The sliding of the natural slope is 
conditioned by the destabilization of deluvial deposits and 
by the action of groundwater that seeps through at the 
contact of deluvial deposits and the rock base of alveolar 
limestones. 

 
Landslide Dubravci on state road DC3 (section 012) km 4+400 
The Dubravci landslide was located west of the Dubravci 
settlement, on the state road DC3, section 012 at km 4+400, 
Karlovac County. On the investigated part of the location, 
the DC3 road is passing in the general northwest-southeast 
direction and is formed by cutting transversely to a natural 
slope of approximately 25° to the southwest. The route of 
the road was made by partial cutting and partial filling of 
the existing terrain, which formed cuts along the left edge 
of the road and embankments along the right edge of the 
road. The existing embankments and cuts are 
unprotected, and no retaining structures are present at the 
location. At the left edge of the road, there are unregulated 
canals for drainage of rainwater, which redirect it towards 
the existing concrete culvert. There are numerous layers of 
asphalt and repaired cracks on the existing road, which 
indicate the systematic creeping of materials over a long 
period of time. 

The earthquake in Banovina on 28th and 29th 
December 2020 caused the activation of the landslide of 
already potentially unstable material of the road and 
caused the opening of a tensile crack with a vertical height 
of approximately 3.5 m a). 

After the terrain inspection and mapping of the 
location more signs of sliding were observed: open cracks, 
new tensile cracks in the asphalt, progress of the 
accumulation in the southwest direction, seepage of water 
at the bottom of the accumulation, dredging of the terrain 
and irregular sloping of the trees – Fig. 3. 

The sliding body and accumulation of the material 
consisted of three cascade like terraces with a height of 
about 1.5 m between each terrace and was represented by 
light, water-soaked material which, due to the large mass 
of running material, causes the fall of trees at the base of 
the landslide (Fig. 4). 

 
Figure 3 Aerial view of Dubravci landslide on the state road DC3 
(section 015) at km 2+060. 

 
Figure 4 Main scarp of the Dubravci landslide. 

Geotechnical investigation works consisted of 
investigation drilling, engineering geological mapping of 
whole terrain and boreholes cores, and laboratory testing 
of samples. 

On the existing road, tensile cracks were observed 
above and around the main crack of the landslide, inclined 
trees were observed on the slope below the road along the 
entire location, in the width of approximately 85.0 m. The 
width of the landslide was approximately 35.0 m and the 
length of the landslide was 35.0 m. Due to the weather 
conditions, it was possible that the landslide would further 
progress in the horizontal and vertical directions of the 
current landslide body. The depth of the sliding body at 
the deepest point was approximately 9.0 m from the level 
of the road and was located at the contact of deluvial-
eluvial deposits and completely to highly weathered marls. 

Based on the performed geotechnical investigation 
works at the location, a rotational  landslide with a sliding 
surface of approximately 9.0 m depth was determined. The 
landslide included a part of the pavement structure and a 
part of the slope below the road. The sliding surface is 
formed at the contact or in the immediate vicinity of the 
deluvium/eluvium contact with high to medium 
weathered clastics. These types of landslides include 
deposits of cover material, cover layer and deluvial-eluvial 
deposits, and due to the action of water and the weight of 
the sliding mass, it deepens to the horizon of completely 
to highly weathered marls (Hungr et al. 2014). The cause 
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of the initial activation of terrain sliding is most likely 
inadequate slope drainage and overloaded high frequently 
traffic. After the earthquake the landslide progressed 
rapidly and there was a final failure of the whole terrain. 

 
 

Remediation measures design 

Landslide remediation works along state roads need to be 
approached with increased attention and regarding 
requirements from investors. As these are state roads, they 
present the roads and connections of particular 
importance that connect the territory of the Republic of 
Croatia with the network of major European roads. 

One of the conditions for remediation is to leave at 
least one traffic lane permanently or temporarily open 
(when it is possible), because these roads sometimes 
represent the only way for buses, supplies, firefighters, and 
ambulances to pass. 

Following chapters of the paper, present stability 
analysis of the landslides and remediation measures 
(Popescu 2001) with a technical description of remediation 
works for each of the mentioned landslides.  
 
Landslide Laz 18 on state road DC29 km 38+254 
Remediation measures for the Laz 18 landslide were 
divided in two zones - zone I (includes remediation works 
of the upward part of the slope above the road curve) and 
zone II (includes protection of the side part of the road 
curve). 

The stability analysis was carried out in Plaxis 2D 
software two phases and was carried out separately for the 
two zones. First, the current state was modelled, and a 
reverse stability analysis was performed to obtain the 
actual strength parameters of the geotechnical units. In 
the following phase, the proposed design solution was 
modelled and verified to confirm the stability and to 
determine the forces and moments for dimensioning of 
the structural elements (piles, walls, anchors). The model 
used for stability analysis of the remediation measures for 
zone I is presented in Fig. 5 (Bentley Systems 2020). 

Remediation measures of zone I consisted of 
reinforced concrete bored piles, in two rows, with a 
diameter D = 600.0 mm at a horizontal distance of 1.0 m. 
Designed pile length was from 5.0 m to 8.0 m . Above piles, 
a reinforced concrete "L" pile cap was constructed as 
foundation structure for a retaining wall – Figs. 5 and 6. 
Remediation measures of zone II consisted of a pile wall of 
bored piles in one row with a diameter of D = 600.0 mm, 
length from 5.0 m to 8.0 m at a horizontal distance of 1.80 
m each. A reinforced concrete pile cap was constructed 
above the piles. Self-drilling anchors with a length of 12.0 
m at an axial distance of 3.60 m were installed through the 
pile cap  
 
Landslide Dedin on state road DC3 (section 015) km 2+060 
As a design solution for the remediation measures of the 
landslide Dedin, the construction of a reinforced concrete 

 
Figure 5 Numerical model used for geotechnical analyse of zone 
I (reinforced concrete wall with piles) for landslide Laz 18, 
performed in Bentley Plaxis 2D software. 

 
Figure 6 3D BIM model of reinforcement plan of the concrete pile 
cap and wall  of zone I for landslide Laz 18 created in Allplan 
(Allplan Nemetscheck Group GmbH 2020). 

 
retaining wall was chosen, which was constructed on 
bored piles. The pile wall was made of reinforced concrete 
bored piles with a diameter D = 400 mm, pile lengths were 
L = 3.50, 4.50 and 5.0 m respectively.The horizontal 
distance of the piles were 1.0 m and piles were embedded 
into the rock base at least 1.50 m. In this way, the stability 
of the retaining structure was ensured, and the pile wall 
was used not only for the foundation of the retaining wall 
but also for ensuring higher slip resistance of the whole 
geotechnical construction. Piles, with their whole length, 
passed through the landslide body and thus significantly 
contributed to the increase of the safety factors of the 
whole slope. Additional stability was provided by the 
construction of self-drilling rod anchors with a total length 
of L = 12.0 m with an anchor bond length of Lb = 6.0 m. 

As part of the remediation measures works, the whole 
drainage system of the road (transverse and longitudinal 
slopes of the road, drainage channels) was completely 
reconstructed, and a new culvert was built. The outflow 
part of the new culvert with channels were constructed 
and water was drained from the impact area of the 
landslide area – Fig. 7 b). 
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Figure 7 Dedin landslide on state road DC3 (section 015) at km 
2+060 after remediation works. 

 
Landslide Vranja on state road DC500 (section 001) km 2+400 
The length of the landslide remediation work was 65.0 m, 
and it consisted of bored piles D = 600 mm in one or two 
rows (depending on the remediation zone and geological 
conditions of the site). At the start of work, a temporary 
barrier was installed (New Jersey bumpers) and temporary 
traffic control was established. Temporary excavation for 
the construction of a pile wall and retaining wall was 
excavated at a slope of V:H = 2:1. 

Bored piles were installed through the cover material 
and embedded into the rock base. Piles of length L = 4.50 
and 7.0 m were constructed in one or two rows at an axial 
distance of 1.80 m – Fig. 8. The transverse distance of two 
rows of piles was 1.20 m. Request for minimal depth of 
embedding into the rock mass (limestones) was 1.80 m to 
ensure required load and moment transfer into the 
bedrock . 

 
Landslide Dubravci on state road DC3 (section 012) km 4+400 
Remediation works on Dubravci landslide were performed 
by the combination of pile wall and a mechanically 
stabilized earth (MSE) retaining wall. Bored piles had a 
nominal diameter of D = 880.0 mm and length of 10.0 m. 
An axial distance between the piles was 2.50 m in the 
longitudinal and transverse directions. For the proposed 
remediation solution stability analyses were performed – 
Fig. 9 (Bentley Systems 2020). As part of the preparation 
phase, temporary excavation was conducted for 
approaching of machines for piles installation. The 
excavation, and whole remediation works, were conducted 
in several phases to avoid further instabilities on the slope 
 

 
Figure 8 Remediation works on pile wall at Vranja landslide. 

 
Figure 9 Results of stability analyses for factor of safety of 
proposed remediation solution for Dubravci landslide performed 
in Bentley Plaxis 2D software. 

and road. After the excavation and construction of piles, 
the foundation of the soil was prepared and improved by 
mechanical compaction (Ms>20.0 MN/m2) and geotextile 
installation. Two layers of a mechanically stabilized 
granular stone material (granulation of Ø0-63 mm) was 
installed with a total thickness of 75.0 cm. Between two 
layers of mechanically stabilized granular stone material, 
the layer of geogrid was installed. 

Above the mechanically stabilized granular stone 
material, a gabion support structure with tensile elements 
was constructed. An embankment of stone and mixed 
material with a final slope of V:H = 2:1 was made behind 
the gabion retaining structure (Fig. 10). Hydro seeding was 
applied on the surface of the slope.  

In the part of the location where there were no 
significant instabilities, the construction of a pile wall 
consisted of bored reinforced concrete piles with length L 
= 10.0 m, nominal diameter D = 620.0 mm in one row at an 
axial distance of 2.25 m, Piles are connected with a 
reinforced concrete pile cap 0.50 x 0.80 m. Together with 
the landslide remediation works, the reconstruction of 
road layers and reconstruction of a stormwater drainage 
system was performed b). 

 

 
Figure 10 Characteristic cross section of remediation measures 
for Dubravci landslide.



M. , I. Volf, I. Blagdan – Remediation measures of landslides on State roads in the Republic of Croatia – Presentation of case studies 

248 
 

Discussion 

The paper presents the geotechnical investigation works 
and remediation solutions for 4 landslides on state roads 
in Republic of Croatia: landslide Laz 18 on state road D29 
in section 38+254, landslide Dedin on state road DC3, 
section 015 in section 2+060, landslide Vranja on state road 
DC500, section 001 in section 2+400, landslide Dubravci 
on state road DC3, section 012 in section 4+400.  

The causes of landslides are conditioned by 
unfavourable geology, inadequate drainage systems, 
earthquakes, excessive traffic loads and usually a 
combination of these conditions. Among these landslides 
we also participated in the numerous remediation projects 
of state roads, and it can be concluded that a special and 
frequent trigger of landslides cannot be isolated. In most 
cases it is a combination of one or two unfavourable causes 
that trigger landslides. 

For each of these landslides, detailed geotechnical 
investigation works were conducted to determine the 
landslide mechanism, the layout of geotechnical units and 
the parameters required for the geotechnical numerical 
analysis. Remediation measures mainly consisted of bored 
piles (diameter from 600 mm to 900 mm) in a 
combination with a pile cap or/and retaining wall. 
Sometimes, anchors are used for additional protection and 
safety. The pavement structure and complete 
reconstruction of drainage system in the impact area were 
always performed alongside the geotechnical remediation 
works. This type of reconstruction is most common along 
not only the state roads but also on the other roads 
because it has proven to be an ideal combination of 
performance technology and design solution. 
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Abstract The subject of the paper is a case study of a deep 
landslide that formed in the jointed flysch sediments on 
the Bar-Boljare highway, Smokovac-Mateševo section, 
Montenegro. The landslide has affected 140 m of the left 
highway lane in the cut and h .1 
bridge abutment. The landslide displacement first 
occurred in May 2019 and continued to intensify in early 
June of the same year. The cause of the instability 
occurrence is in the unsecured temporary subvertical cut 
(approximately 15 m high) constructed between left and 
right lane of the highway. The landslide was formed in the 
flysch formation, which consists of an alternation of 
sandstones and siltstones with a developed joints system. 
The landslide was initiated in the northern part of the site, 
where a wedge failure occurred (average block size 4 – 6 
m), resulting in the formation of a 50 m wide unstable 
zone. The instability further propagated along the slope 
towards the southern part of the site, where a second 
sliding body was formed, the movement of which caused 
the displacement of the retaining wall and the bridge 
abutment. The total length of the landslide along the slope 
is about 80 m. This was further confirmed by a simple 
kinematic analysis. One of the unfavourable 
circumstances is the presence of a 2 to 3 m wide fault zone, 
so that the landslide zone partially propagated through 
this weakened zone. The whole mechanism of the process 
caused appearance of a clearly visible frontal scarp in the 
rock mass about 110 m long and a transverse crack 
separating two unstable masses (northern and southern) 
about 70 m long. Assessment based on the geotechnical 
investigation and inclinometer data suggests that the 
deepest points of sliding zone vary are between 17 and 22 
m. Slope stability analysis was performed on typical cross-
sections to confirm the assumed sliding mechanism and to 
obtain numerical parameters for design of remediation 
measures. The analysis was performed using Slide and RS2, 
Rocscience software. Based on the results of the 
geotechnical investigation, inclinometer data and 
numerical analysis it was concluded that the unfavourable 
position of discontinuities in the rock mass was a 
predisposing factor for the landslide occurrence. This 
refers primarily to the joint sets, since the orientation of 

stratification is relatively favourable from the aspect of 
slope stability, which is atypical for this zone and is rarely 
the case for unstable flysch slopes. One of the 
characteristics of the landslide is also a high-quality rock 
mass composed mainly of sandstones and also affected by 
sliding. The landslide was remediated in 2021 through a 
combination of several types of remediation measures that 
included construction of bored piles with a diameter of 150 
cm and a depth of 20 m with a cap beam, prestressed 
geotechnical anchors up to 30 m long connected with a 
reinforced concrete grid, 6 m long bolts, and surface and 
underground terrain drainage. 

 
Keywords flysch, landslide, mechanism, remediation 
 
 
Introduction 

The subject of the paper is a case study of a deep landslide 
formed in the jointed flysch sediments on the Bar-Boljare 
highway, Smokovac-Mateševo section, Montenegro. In 
flysch terrains, Quaternary layer usually slides over the 
bedrock ( ivaljevic et al. 2021), while in this case, due to 
the unfavourable orientation of discontinuities in the rock 
mass, sliding occurs through a more solid rock mass.  

After a brief description of the site morphology and 
geologic conditions, the paper focuses on a detailed 
description of the key elements of the landslide and sliding 
mechanism. The paper presents the results of numerical 
analysis of the slope stability on a typical profile as 
evidence of the sliding mechanism that has been assumed 
based on the geotechnical investigations and inclinometer 
data. A brief description of the remediation solution is also 
provided. 

 
 

Study area 

 
The landslide is located on the left slope of the open route 
of the Bar-Boljare highway, Smokovac-Mateševo section, 
on the chainage from km LK 33+280 to LK 33+420 (Fig. 1). 
The right lane extends along the bridge Uva  4.1. The site 
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is located on the eastern mountainside of Vitanovica above 
the Tara river.  

From the aspect of geomorphology, the overall 
terrain route is quite complex and rugged and can be 
generally classified as hilly and mountainous relief. At the 
micro location, morphometrically, it is a slope with an 
inclination of 35° to the east. 

During the period of the landslide activation, the 
morphometry of the natural terrain changed due to the 
executed earth works for the construction of the highway. 
Seen from above, the following morphometry parts can be 
identified: a plateau at an elevation of about 1104 m a.s.l., 
from which the abutments of Uva  4.1 bridge on right lane 
rise; a steep rock section formed between the left and the 
right lane with a height of 20 m; a 14-15 m wide plateau 
within the area of the left lane of the highway at the 
elevation of about 1124 m a.s.l.; a 7-8 m high retaining wall 
along the left edge of the left lane with an inclination of 
about 5:1. Three benches are constructed above the wall: 
first bench is 5 m high with an inclination of 3:1, and the 
other two benches are 5-7 m high with an inclination of 
3:2. The berms are constructed between the benches; the 
slope crest is at an elevation of 1144 m a.s.l., followed by a 
natural slope with an inclination of about 35°. 

 
Geological conditions 
In the wider area of the landslide, the highway extends 
through flysch sediments of the Cretaceous-Paleogene 
age. The thickness of these sediments is about 500 m. 

In terms of lithology, the micro location is 
dominantly featured by the engineering-geological (EG) 
unit 2d, which means that it has a similar ratio of 
sandstone and alevrolite. 

 

 
Figure 1 Landslide position. 

The prevailing presence of sandstone (EG unit 2a) is 
found at greater depths and eventually at lower thickness 
in the upper zone. The thickness of the silty-clayey 
materials varies from 0.5 m in the steeper parts of the slope 
to 4 m in the higher parts of the slope with lower 
inclination. The deluvium is absent from the large part of 
the micro location, because of the executed cut and major 
earthworks in this zone of the highway. 

General bedding orientation is favourable from the 
aspect of the slope stability. This was further confirmed by 
EG mapping which registered bedding planes orientation 
of 215-310/10-35, indicating a southwest-northwest 
orientation of bedding, sufficient for stability of the east-
facing slope. Alevrolite (siltstone) is platy and tabular and 
sandstone is thin bedded to bedded. Where laminae occur 
in the rock mass texture, they have orientation of the 
bedding dip. 

The joint system is clearly defined and shown on EG 
map (Fig. 2). According to the mapping, the bedding 
discontinuities are followed by two more dominant steep 
joint sets. A zone between boreholes BIP-5 and BIP-2 is 
typical and is considered to be the zone where the sliding 
process has been initiated, as two joint sets were registered 
with dip direction/dip angle (EP) 40-55/55-70 and a 
subvertical set which falls at very steep angle either on 
direction 130° or on 310°. The two joint sets can cause 
sliding of blocks down the slope; hence this occurrence is 
considered to trigger the slope instability. In addition to 
these two dominant joint sets, with deviations of up to 20°, 
there are also joint sets in the zone of the abutments of the 

bridge of 165/70 and 95/87, as well as 325-335/35-
50 in the zone of BIP-7 and BI-1 boreholes. The 
geotechnical category P represents a deluvial-eluvial zone 
which is very thin, while category F represents the 
exceptionally poor flysch rock mass, i.e. a degraded and 
altered zone of the bedrock which is mainly present at the 
first (highest) bench of the slope excavation. Further on, 
the second and third benches are dominated by an E 
category rock mass, which is represented by clear texture 
properties of rock mass without zones that would 
characterise it as a rock to soil transition. Geotechnical 
categories F and E are related to the EG unit 2d. 

Thereafter there is a dominant presence of 
sandstones (2c) that, due to their resistance, are 
automatically less fractured with two joint sets at larger 
distance and with a bedding plane also at larger distance. 
This is a D category of the rock mass. 

 
landslide mechanism 

The information about the landslide development and the 
problem of slope instability was obtained from the 
Contractor of works. The first deformations occurred in 
May 2019 and intensified in early June. 
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Figure 2 Simplified engineering-geological map with characteristic photos from the site: a Scarp, b Fallen rock blocks due to wedge 
failure, c Abutment  (Me  2019). 

 
 
Based on the analysis of the data relating to the 

affected landslide, it can be said that the sliding of a rock 
mass with an estimated volume of about 50000 m3 has 
started, which can be attributed to the unfavourable rock 
mass discontinuity set and inadequate cut-and-fill slopes, 
as well as the absence of any kind of terrain protection 
measures in the northern part of the micro location behind 
the retaining wall (Fig. 2) and also between the left and the 
right lane of the highway (Fig. 2c). The cause of the 
instability is not the cut in the open route, but the 
subvertical cuts between the left and right lane as well as 
the temporary cut in the northern part of the site. Namely, 
the cut between the left and right lane of the highway is 
steep to subvertical, with a height of about 15 m. The cut 
in the northern part of the location behind the retaining 
wall also has a similar geometry. The length of cut between 
the two lanes is approximately 70 m, while the length of 
cut-and-fill slope behind the retaining wall is 

approximately 50 m. No support measures were provided 
for these two cuts. This means that the uncontrolled 
earthworks had crucial impact on activation of the sliding 
process, which endangered the slope, the retaining wall 
and the bridge abutment. About 25-35 m above the slope, 
a scarp is formed at the contact with the huge calcarenite 
block within flysch. The scarp is about 90 m long with 
locally clearly visible jump from 1.5 to 3.0 m and spreading 
of up to 1 m. Number of secondary scarps with a jump of 
up to 1.5 m is observed between the slope and the main 
scarps. Some vertical joints are visible on the third bench. 
A very significant scarp in the length of 70 m is registered 
at some 10 to 12 m from the top of the cut, beyond the 
highway zone (above borehole BIP-5), Fig. 2a. This scarp 
extends even to the retaining wall where it affects the last 
two benches that have displaced the most. A joint is clearly 
visible on the third bench of the slope. 
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Kinematic analysis of the rupture composition, 
inclination and orientation of the slope determined the 
wedge forming and rock block falling in this zone. The 
block falling because of the wedge forming is a common 
phenomenon, however, in this case blocks of enormous 
dimensions are formed, which would probably initiate the 
instability of the entire zone (Fig. 2b). Based on the 
kinematic analysis, the central part of the hillside and the 
slope is also prone to the block falling, which is further 
confirmed by the kinematic analysis in that zone. 

Mapping the zone around the bridge abutment on 
the south hillside (abutment L1O2) recorded a fault zone 
extending from the abutement towards the top of the 
hillside. This fault zone can be tracked on all cut-and-fill 
slopes of the access road in the southern part of the hill. 
The zone width ranges from 2 to 3 m. The material consists 
of debris with dusty-sandy component. The elements of 
the fault dip are approximately 95/60.In addition to the 
instability that occurred in the northern part of the site, 
this fault also presented a very unfavourable situation in 
this part of the site, and it is considered that the sliding 
plane has partially formed through this weakened zone, as 
shown in the cross-section 3-3’ (Fig. 3).  

The south edge of the landslide is defined by 
subvertical joints with EP 20/90 that are formed on the 

slope between the two lanes of the highway. These joints 
are located at about 15-20 m from the abutment towards 
north.  

The EG terrain composition based on the 
investigation works is shown on the EG cross-section 3-3’ 
(Fig. 3). The figure clearly shows the main and secondary 
scarps which have been determined by the EG terrain 
mapping. The toe area of the landslide is not defined 
considering this part of the site is covered with backfill 
material. Based on the geodetic monitoring and the 
inclinometer structures built in the boreholes, the slip 
surface has been interpreted as marked by the red line. 
Considering that the inclinometer BI-1 measured certain 
deformations (not necessarily suggesting the slip surface) 
at greater depth (approximately 20 m), the magenta colour 
has been used to mark the unfavourable slip surface at the 
greater depth, so that this input could be considered in the 
construction design as the unfavourable scenario when 
defining protection measures. Precise defining of these 
deformations required a longer period of time and 
additional inclinometer measurements. However, 
considering the urgent nature of the slope stabilisation 
subject to the timeline of the highway construction, the 
Designer was instructed to also consider the protection 
measures for the unfavourable scenario. 

 

 
Figure 3 Engineering-geological cross-section 3-3’ (Me  2019). 
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Stability analysis 

Slope stability analysis were performed on three typical 
cross-sections to confirm the assumed sliding mechanism 
and to obtain numerical parameters for design of remedial 
measures. The analysis was performed by using Slide and 
RS2, Rocscience software (Rocscience 2021). A standard 
back analysis based on the method of slices (Bishop 
simplified, Janbu simplified, Janbu corrected, 
Morgenstern-Price) with the unfavourable position of the 
sliding surface was used (Abramson et al. 2001, Rocscience 
2021). The back analysis was conducted by varying the 
shear strength parameters for the slip surface until a factor 
of safety (FoS) of approximately 1 was obtained. The results 
of the analysis for profile 3-3’ are shown in Fig. 4. It can be 
seen that the obtained average internal friction angle is 
about 30° while the adopted cohesion is 0 kPa. The RS2 
programme was used to perform the back analysis on a 2D 
model consisting of linear triangular finite elements by 
using the shear strength reduction method (You et al. 
2018). Tab. 1 shows the physical and mechanical 
parameters used for the corresponding rock masses. Joints 
have been modelled by the interface elements. The shear 
strength parameters for these elements have been varied 
until Strength reduction factor (SRF) (equivalent to FoS) 
of approximately 1 was obtained. The adopted joint system 
has been simplified and represented by 2 joint sets, one out 
of which with a downslope grade of 80° and the other with 
a downslope grade of 35°, corresponding to dominantly 

unfavourable sets on the EG profile 3-3’. The results of the 
analysis indicate that the sliding mechanism of the 
trapezoid-shaped sliding surface over the adopted joint 
sets with the 35° inclined sliding surface and sliding 
surface depth of 13.80 m (Fig. 5).  
 
 
Landslide remediation 

The landslide remediation was performed in 2021 through 
a combination of several types of remediation measures 
that included (Figs. 6 and 7): 

- construction of bored piles with a diameter of 150 
cm and a depth of 20 m with a cap beam,  

- prestressed geotechnical anchors up to 30 m long 
connected with a reinforced concrete grid,  

- 6 m long bolts,  
- surface and underground terrain drainage. 

 

Table 1 Computation parameters of rock masses (RS2 software). 

Rock 
mass 

(kN/m3) ’ ( ) c’ (kPa) Young’s modulus 
(kPa) 

D (2c) 25.0 32 2500 2.5e+06 
E (2d) 23.5 29 320 800000 
F (2d) 23.0 26 50 60000 
P3 21.0 30 10 40000 
Fault 23.0 21 5 60000 

 

 
Figure 4 Results of the back-analysis conducted in Slide software. 
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Figure 5 Results of back-analysis conducted in RS2 software.

 
Figure 6 Cross-section with remediation measures. 

 
Figure 7 Photo of remediation measures. 

Conclusions 

Case study of a deep landslide formed in the jointed flysch 
sediments on the Bar-Boljare highway, Smokovac-
Mateševo section, Montenegro was presented in this 
paper. Based on the results of geotechnical investigations, 
inclinometer data and numerical analysis it was concluded 
that the unfavourable position of discontinuities in the 
rock mass was a predisposing factor for the landslide 
occurrence. This primarily refers to the joint sets, since the 
orientation of stratification is relatively favourable from 
the aspect of slope stability, which is atypical for this zone 
and is rarely a case in unstable flysch slopes. Designed 
remediation measures are based on conducted stability 
analysis. 
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