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Abstract: Detecting the mechanism of landslides and evaluating their dynamics is challenging,
especially concerning composite landslides. For this purpose, several investigation and monitoring
techniques should be implemented to obtain reliable information on landslide characteristics (e.g.,
geological and hydrogeological conditions and type of landslide processes), kinematics (displacement
rate), and potential triggering mechanisms (e.g., change in groundwater table and precipitation). The
Urbas landslide in northwest Slovenia has been studied for decades through geological, geotechnical,
geodetic, and remote sensing investigations. However, due to the complexity of the landslide and the
short duration of continuous monitoring, no assessment of its dynamics has been made. To meet this
need, this study analysed continuous and periodic monitoring of landslide displacements using data
from the global navigation satellite system (GNSS), a wire extensometer, unmanned aerial vehicle
(UAV) photogrammetry, and hydrometeorological sensing (groundwater table, precipitation). The
results of this study show that the dynamics of the Urbas landslide differ along the landslide area,
depending on local geological and hydrogeological conditions. Consequently, certain parts of the
landslide are at different evolutionary states and respond differently to the same external triggers.
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1. Introduction
Hillslope morphology, complex geological and tectonic conditions, and climatic variation contribute significantly to landslide exposure in Slovenia, as with most European countries [1–4]. According to the Geological Surveys of Europe landslide database, 849,543 active
landslides have been registered in Europe, including 7273 in Slovenia. Thus, the landslide
density in Slovenia is 0.4 landslides/km2 [2]. The latest statistics also revealed that, in
the last period (from January 2004 to December 2016), about 56,000 people worldwide
died in landslides [5]. The mechanisms of landslides are mainly related to geological and
tectonic settings, hydrogeological conditions, and topography, and the triggering factors
are prolonged or intense precipitation, changes in groundwater tables, earthquakes, and
human activity [6,7].
Since the risk of landslides cannot be avoided, it is important to understand and predict
their behaviour. By modelling landslide dynamics using monitoring results, “symptoms”
can be detected, and their impact reduced.
Landslide dynamics provides the basis for developing prediction models and defining
prevention and mitigation measures [8], but interpretation is a challenge comprising a
sequence of steps: from data collection and application of the appropriate monitoring
system to the analyses and processing of the data.
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Various parts of the world use different approaches to landslide dynamics modelling [9–11], and these can be categorized into two main concepts: physical models and
data-driven models [10,12]. The main input data of data-driven models require triggering factors that mainly refer to precipitation, fluctuations in reservoir water levels, or
earthquakes [8], while physical modelling predicts landslides by considering geomechanical properties.
To improve landslide dynamic models, practices in different parts of the world show
that a good understanding of landslide dynamics can be achieved by setting up flexible
and reliable monitoring systems [9,12–17]. These systems are used to implement periodic
and continuous measurements to monitor changes over time and space. Collecting systematic data in real time allows researchers to understand and interpret landslide dynamics
and correlate them with their triggering mechanisms [18,19]. Most landslides triggered
by hydrometeorological factors are very complex and difficult to predict because their
dynamics can be affected by even small variations in landslide composition. Simulating
this process by using real-time monitoring data (e.g., displacement rate, groundwater table
and precipitation) can significantly improve reliability [14,15].
Spatio-temporal changes can be monitored using a number of surveying techniques.
Research on landslide monitoring has demonstrated that remote sensing is effective for
landslide detection, inventory mapping, surface deformation monitoring, and triggerfactor analysis [20]. The results enable the monitoring of visible surface changes in remote,
mountainous, and difficult-to-access landslide areas where it is difficult or impossible
to install more sophisticated monitoring equipment [20,21]. On the other hand, in situ
geotechnical monitoring using conventional sensors like piezometers, extensometers, and
inclinometers is required to determine hydrogeological parameters (groundwater table,
pore pressure variation inside the landslide body), slope displacement rates, and sliding
surface depth [9,14]. Geotechnical monitoring data represent a key input for landslide
dynamic modelling and stability analysis. They should also be combined with geodetic
monitoring data to provide reliable information on the absolute surface displacements of a
landslide with respect to reference points [14,15].
This study explored landslide mechanisms based on data series analyses gathered
through continuous monitoring of landslide displacements using the global navigation
satellite system (GNSS), a wire extensometer, and hydrometeorological data from the
groundwater table and precipitation. The data were verified by data from periodic in situ
geotechnical and geodetic monitoring and complemented by unmanned aerial vehicle
(UAV) photogrammetry. Hence, the main aim of this study is to enhance knowledge of
landslide dynamics using both in situ and remote sensing data.
The paper is focused on the Koroška Bela area, specifically the Urbas landslide, which
is a composite landslide consisting of different types of movements simultaneously in
different segments of the failing mass [22]. This area has been extensively studied and
is one of the most active landslide areas in Slovenia [21,23–27]. More than 2000 people
live in the potential risk area, as has been proven by historical evidence of past debris
flows [28–30]. Therefore, understanding landslide dynamics and triggering mechanisms is
crucial for developing early warning systems and designing mitigation measures.
2. Geological and Geomorphological Settings of the Case Study
This study presents landslide dynamic modelling of the Urbas landslide, which represents the source area of a potential debris flow that could affect the underlying settlement of
Koroška Bela in northwest Slovenia (Figure 1). Urbas is the largest and one of the most active landslides in the country. The landslide has a length of 500 and a width of about 440 m,
covering an area of 177,000 m2 . According to geological and geotechnical investigations,
the volume of the sliding mass was determined to be around 1,578,700 m3 [25,31].
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Figure 1. Location of the study area and the spatial and temporal distribution of applied methods.
Figure 1. Location of the study area and the spatial and temporal distribution of applied methods.

The Urbas landslide is located below the slopes that are part of the Karavanke mounThe
Urbas landslide is located below the slopes that are part of the Karavanke mountain ridge. The landslide extends between 1170 and 1370 m a.s.l. and is characterized by
tain ridge. The landslide extends between 1170 and 1370 m a.s.l. and is characterized by
medium to steep slopes with an average inclination of 15° and up to 70°, mainly oriented
medium to steep slopes with an average inclination of 15◦ and up to 70◦ , mainly oriented
toward the southwest.
toward the southwest.
The Urbas landslide represents a composite landslide consisting of rockslides (upper
The Urbas landslide represents a composite landslide consisting of rockslides (upper
part), a deep-seated landslide (main body), and debris flow source areas (lower part). The
part), a deep-seated landslide (main body), and debris flow source areas (lower part).
formation of the landslide is related to complex geological and tectonic settings and hetThe formation of the landslide is related to complex geological and tectonic settings and
erogeneous hydrogeological conditions. The main scarp was formed below steep limeheterogeneous hydrogeological conditions. The main scarp was formed below steep limestone slopes at the tectonic contact between Triassic carbonate and carboniferous clastic
stone slopes at the tectonic contact between Triassic carbonate and carboniferous clastic
rocks. In the upper part, the landslide is completely covered by dry angular carbonate
rocks. In the upper part, the landslide is completely covered by dry angular carbonate
gravel with cobbles and boulders (scree and rockfall material) that accumulated below the
gravel with cobbles and boulders (scree and rockfall material) that accumulated below the
steep limestone ridge (Figure 2A). The main body of the landslide consists of tectonically
steep limestone ridge (Figure 2A). The main body of the landslide consists of tectonically
deformed and weathered carboniferous soft fine-grained clastic rocks with very low shear
deformed and weathered carboniferous soft fine-grained clastic rocks with very low shear
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Figure 2. (A)––Upper part of the landslide representing the area below the steep limestone slopes;
Figure 2. (A)—Upper part of the landslide representing the area below the steep limestone slopes;
(B)––The landslide main body, consisting of the residual soil of tectonically deformed and weath(B)—The landslide main body, consisting of the residual soil of tectonically deformed and weathered
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The study area is characterized by an alpine climate where the average annual precipitation is between 1600 and 2000 mm and the maximum 24 h precipitation, with a 100-year
return period, is estimated at 180–210 mm. There are annual precipitation peaks in autumn
and spring.
Several signs of the landslide can be found in the area: secondary scarps, protrusions and
depressions of hummocky terrain, curved spruce, longitudinal tension cracks, surface erosion
slumps and ponds and the continuous deformation of local roads (Figure 2) [21,23,25,33].
To identify the characteristics of the Urbas landslide, several site investigations and
monitoring projects have been carried out in the last decade. The first system that integrated
interferometric synthetic aperture radar (InSAR) and GNSS to monitor surface displacements in 3D was established in 2011 [34,35]. The results showed relatively large (up to
32 mm horizontal and 15 mm vertical) displacements during a relatively short monitoring
period (February 2011–August 2011), indicating displacement in the upper-central and
southeastern parts of the landslide body [34,35]. The Urbas landslide was further investigated and monitored using UAV photogrammetry, terrestrial laser scanning (TLS), and in
situ geodetic techniques (tachymetric surveys) [21,36]. From 2012 to 2016, long periodic
monitoring enabled the interpretation of visible surface change kinematics over time. The
results revealed that the landslide is composite [30], consisting of rockslides (upper part),
a deep-seated landslide (main body), and debris flow source areas (lower part) [18,29]
(Figure 1). In-depth research continued between 2017 and 2019 with implementation of the
first detailed geological, geotechnical, and hydrogeological investigations and monitoring.
The results confirmed that the Urbas landslide represents a source area for debris flows
and poses a direct risk to the settlement of Koroška Bela; therefore, structural mitigation
measures are essential to protect the population and infrastructure [25–27,31,37,38]. In any
case, the monitoring system will have to be maintained and improved to enable observation
of landslide dynamics and verify the effectiveness of the possible remediation measures.
However, there are still several open questions related to the Urbas landslide mechanics
and dynamics that need to be further investigated.
3. Monitoring Methods
The current monitoring network consists of the remote-sensing GNSS, in situ geotechnical sensors (wire extensometer, piezometers, and inclinometers), and a rain gauge
(Figures 1 and 3). Selecting the most suitable monitoring techniques has been challenging
due to the extent of the study area, the site configuration, and the densely vegetated surface. We also had to consider the cost of monitoring techniques and multiple logistical
constraints (no electricity, difficult access, limited signal service). Based on previous research and detailed field investigations, and taking into account all constraints, we selected
the monitoring techniques that we considered most useful in our efforts to monitor the
dynamics of the Urbas landslide.
3.1. Remote Sensing
3.1.1. GNSS
Innovative, self-sufficient monitoring units equipped with low-cost dual-frequency
GNSS antennae were permanently installed in four fixed locations across the landslide
body to measure surface displacements (Figure 3A), and a local reference unit was installed
outside of it [39,40]. The GNSS system has several advantages for deploying monitoring
units in inaccessible locations and continuously monitoring with real-time data transfer.
However, the deployment is limited to locations with open sky, which made the installation
in the central, forested part of the landslide impossible. The position of monitoring points
was calculated with a precision of 1 mm on the horizontal and 2 mm on the vertical axis
by employing an open-source application and delivered daily through an FTP server in
real time.
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3.2. In Situ Geotechnical Monitoring
3.2.1. Wire Extensometer
Because remote sensing techniques could not be used in the central part of the landslide
due to dense vegetation, a wire extensometer was installed on the right flank of the landslide
to monitor the opening of the lateral scarp (Figure 1). The wire extensometer is a simple
device that measures a change in distance between two points (Figure 3B). It was installed at
a lateral scarp along the slope, i.e., in the expected direction of the landslide displacements,
with one point fixed at a relatively stable point outside the landslide body. It should be
noted that the measured changes represented relative surface displacement of the landslide
main body. Data with an accuracy of 1 mm were transmitted hourly in real time via the
base station and the FTP server.
3.2.2. Piezometers
For groundwater table monitoring, six piezometers were installed. Three were analysed, since they were located in close proximity to the cross section A-A’ (Figure 1; Table 1).
Piezometer P1 was located in the upper part of the landslide and was close to the surface
boundary of dry gravel and clastic rocks. The groundwater table was observed 13 m below
the surface and rose up to 11.5 m during high-water conditions. The contact between gravel
and underlying low permeable clastic rocks was at a depth of 18 m. Piezometers P2 and P3
were in the main body of the landslide. The low groundwater table in these piezometers
was at depths of 3 m and 3.5 m, respectively. Higher fluctuations of the groundwater table
were observed, up to 2 m in piezometer P2 and up to 3 m in P3.
Table 1. Basic data for piezometers.
Piezometer

Ground Surface Altitude
(m a.s.l.)

Depth
(m)

Depth of Screened Interval
(m)

P1
P2

1289.2
1232.4

21.0
15.0

P3

1218.8

30.0

6.9–18.9
2.5–5.5
6.0–12.0
6.7–15.7

3.2.3. Inclinometers
The implementation of inclinometers is required for determining the depth of the
sliding surface and to monitor the magnitude, rate, and direction of landslide displacement [9,50]. A total of six were installed at the Urbas landslide [31]. In this research, two
inclinometers (I1 and I2) located in proximity to the A–A’ cross section (Figure 1) were
analysed. The measurements were carried out using an RST MEMS digital inclinometer
probe with a measurement interval of 0.5 m. The entire apparatus consisted of the probe,
a heavy-duty control cable wound onto a slip-ring reel, and KLION software (SISGEO,
Masate, Italy). PVC inclinometer casings have longitudinal grooves in two perpendicular
directions (A and B) to ensure that the probe remains oriented in the desired direction, in
this case, the expected movement direction of the Urbas landslide.
3.3. Geodetic Monitoring
To assess the reliability of the displacements obtained by remote sensing, it was important to compare them with known reference measurements [49]. To verify displacements
obtained from the GNSS and to determine the absolute displacements of the landslide,
classic tachymetric geodetic measurements using a theodolite were performed simultaneously with the acquisition of the inclinometer data (Figure 1). The high positional and
height accuracy of the tachymetric geodetic measurements (±2 mm) allowed an accurate
assessment of the displacements of object points installed at the boreholes (Figure 3). We
observed measurements of the five object points installed along the A-A’ cross-section
(Figure 1).
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4. Results
4.1. Surface Displacements
Continuous surface displacement monitoring obtained by GNSS was analysed for the
22-month period from October 2019 to the end of August 2021, while the wire extensometer
monitoring data were obtained for a two-year period from September 2019 until the end of
August 2021 (Figures 1, 4 and 5). The GNSS and wire extensometer surface displacement
rates were further verified and compared with tachymetric measurements of the object
points (Figures 4 and 5). It should be noted that the object points were not installed at the
exact positions of the GNSS and the wire extensometer (Figure 1), but in their vicinity.
The upper part of the Urbas landslide consists of a slope covered by a large amount of
dry gravel material that is prone to causing slope instability such as rockslides and runoff
(Figures 1, 2 and 5). The core logging of the three boreholes and periodic inclinometer
measurements showed that the depth of the sliding surface was around 23 m [25,31]
(Figure 5). In the upper part of the Urbas landslide, the results of three GNSS and three
object points were analysed (Figure 4). From the cumulative displacement curves, a
linear or steady displacement trend was observed. The cumulative displacements for the
monitoring period of 22 months were measured to be 121 (GNSS1), 135 (GNSS2), and
117 mm (GNSS3). The maximum daily displacement rates of GNSS were 0.32 (GNSS1),
0.35 (GNSS2). and 0.27 mm/day (GNSS3), while the monthly displacement rates were
1.7–7.4 (GNSS1), 4.0–8.8 (GNSS2), and 3.4–7.0 mm/month (GNSS3). The comparison with
periodic measurements of the object points G1, P1, and I1, which are about 25 to 35 m away
from the GNSS, also showed a similar trend. The displacement rates of the object points for
the upper part of the landslide confirmed the linear sliding trend (Figure 5).
A wire extensometer monitored surface displacements on the right flank of the landslide main body, which consists of tectonically deformed and completely weathered clastic
rocks, mainly siltstone and claystone. The sliding-surface depth was between 10 and
15 m [25,31] (Figure 5). Compared to the upper part, the main body is densely covered with
coniferous forest, which prevented the installation of GNSS units, as mentioned above. The
wire extensometer obtained continuous surface displacement data but, unlike the GNSS,
the measured displacement values were relative because the wire extensometer could not
be fixed to a stable point (Figures 1 and 4). In contrast to the GNSS results for the upper part,
the wire extensometer displacement curve showed periodic increasing (“steep like”) phases
of landslide behaviour; the term was borrowed from [51]. The cumulative displacement for
the 2-year monitoring period was 161 mm. The measured maximum daily displacement
rate was 0.9 mm/day, while the average displacement rate was 0.1 mm/day. Two distinct
acceleration phases, followed by an increasing linear displacement trend, were identified
from the wire extensometer displacement curve. The first phase was from late October
to middle November 2019, while the second was observed from December to January
2021. Periodic measurements of the object points (P3 and I2) indicated a similar trend
to the wire extensometer displacement curve, but with much higher displacement rates.
Object point P3 was subjected to a surface displacement of 71.7 mm for about 5 months
from April to September 2020 and 263.3 mm for the 9 months from September 2020 to
June 2021. Object point I2 indicated the following monitoring period displacement rates:
64.5 mm from January to April 2020, 84.2 mm from April to September 2020, and 253.2 mm
from September 2020 to June 2021. In contrast to the wire extensometer, both object points
detected significant displacement especially during the winter, which were estimated at
about 28 to 29 mm/month. The discrepancy between the results was probably related to
the position of the sensors. The object points were located in the landslide main active body
area, while the wire extensometer was located on the edge of the right flank (Figure 1).
The distance between them is about 210 m. The second reason for the displacement rate
discrepancy was that the wire extensometer measured relative displacements, while the
object points gave absolute displacement values with high accuracy.
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water table oscillated up to 3 m, from a depth of 10 to 7 m. Groundwater fluctuations in
piezometers P1 and P2 showed similar dynamics, strongly related to meteorological conditions. Groundwater table response to rain events is characterized by rapid rising and
falling. The fluctuation amplitude was up to around 1.5 m.
Analysis of daily displacement rates measured at different parts of the Urbas land11 of 19
slide showed different patterns, confirming the assumption that the landslide is composite
and prone to different dynamics. As expected, the highest displacement rates were recorded in the lower part of the landslide, where a maximum of 4.45 mm/day was observed
Interrelation
the Landslide
Displacement
Rate, Precipitation,
and Groundwater
(Figure 6). Aof
similar
pattern with
lower displacement
rates was observed
at the landslide
Level
main Change
body where the maximum displacement rate was 0.88 mm/day. The largest deviatrigger mechanism
and dynamics
performed
tion Landslide
in daily displacement
detecteddetection
by the extensometer
and evaluation
GNSS4 waswere
observed
from
by
analysing
the
response
relation
among
displacement,
antecedent
precipitation,
and
December 2020 to March 2021. During this period, the extensometer showed an average
groundwater
table
change.
Time-series
graphs
of
continuous
monitoring
data
were
plotted
displacement acceleration of 0.03 mm/day, while GNSS4 indicated a more linear displaceand
showed
the rate ofbetween
daily surface
displacement;
5-, 15-,
and 30-day
antecedent
ment.
The discrepancy
the results
is likely related
to 20-,
the effects
of snow.
During
precipitation;
anda 5-,
20-, and 30-day
in the groundwater
the same period,
high15-,
groundwater
table ofaverage
about 1 changes
m was observed
in piezometertable
P3,
(Figures
5–7).beBased
ontothe
cumulative displacement curves (Figure 4), the time-series
which could
related
snowmelt.
analysis
of relationship
distinguished
separately
the landslide
upperpart
part
Lower
displacementlevel
rateswas
with
smaller fluctuations
werefor
recorded
at the upper
(Figure
6), main body
7), and
toedisplacement
(Figure 8). rate of 0.35 mm/day (Figure 6).
of the landslide,
with (Figure
a maximum
daily

Figure
diagramshowing
showingthe
therelationship
relationship
among
daily
displacements
obtained
Figure6.6. Time-series diagram
among
thethe
daily
displacements
obtained
by
GNSS2;
5-,5-,
15-,
20-,
and
30-day
and
by
GNSS2;
15-,
20-,
and
30-dayantecedent
antecedentprecipitation;
precipitation;
and5-,5-,15-,
15-,20-,
20-,and
and30-days
30-daysofofaverage
average
changein
inthe
thegroundwater
groundwater table.
table.
change

Daily precipitation was obtained by rain gauge at the landslide. During the period
from September 2019 to the end of August 2021, the Urbas landslide experienced a combination of long rainy and dry periods. It should be noted that extreme rainfall events,
normally characteristic for this part of Slovenia, were not recorded during this monitoring
period and, therefore, their influence could not be detected. Following other studies [51–53]
in which the dynamics of deep-seated landslides were assumed to be related to long-term
antecedent precipitation rather than to short, intense precipitation, we decided to observe
the correlation with the 5-, 15-, 20-, and 30-day antecedent precipitation.
Groundwater table monitoring data were obtained by three piezometers (Figure 1,
Table 1) and were represented as a daily change calculated for 5-, 15-, 20-, and 30-day averages. The changes in the groundwater table of P1, P2, and P3 showed different groundwater
dynamics, reflecting the complex hydrogeological conditions of the study area. Strong
groundwater fluctuation was observed in piezometer P3 where the groundwater table oscillated up to 3 m, from a depth of 10 to 7 m. Groundwater fluctuations in piezometers P1 and
P2 showed similar dynamics, strongly related to meteorological conditions. Groundwater
table response to rain events is characterized by rapid rising and falling. The fluctuation
amplitude was up to around 1.5 m.
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discrepancy between the results is likely related to the effects of snow. During the same
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period, a high groundwater table of about 1 m was observed in piezometer P3, which could
be related to snowmelt.
Lower displacement rates with smaller fluctuations were recorded at the upper part
of the landslide, with a maximum daily displacement rate of 0.35 mm/day (Figure 6).
4.2. The Impact of Steep-Slope Erosion above the Main Scarp
To estimate the rate of erosion and accumulation of talus material above the Urbas
landslide main scarp, three periodic measurements were performed using UAV photogrammetry. To examine elevation differences between two successive DEMs, elevations from
the earlier-acquired DEM were subtracted from the later acquisition on a cell-by-cell basis
with a cell resolution of 0.1 m. In the present study, one of the main disadvantages of
UAV photogrammetry was the dense vegetation covering the upper part of the landslide
because it hindered reliable photogrammetric processing and the derivation of surface
models. Consequently, observations of elevation change were limited to the non-vegetated
areas. Assessments of elevation and volume changes were calculated for 31,452 m2 , the
analysed area (Figure 9).
For the first observation period (fall and winter), a comparison of September 2019 to
May 2020 was made (Figure 9B, Table 2). The comparison showed that the total area of
erosion within the analysed area was 1846 m2 (approximately 6%), while the total area
of accumulation was 1350 m2 (approximately 4% of the analysed area). No elevation
changes were observed in the largest part of the analysed area (28,256 m2 ). The first
observation period showed that erosion was predominant in the upper part, where the
elevation decreased from 0.5 to 1 m. As expected, sediment accumulation was observed
in the middle and lower parts. The volume of the eroded surface material amounted to
881 m3 , and that of the accumulated material to 806 m3 . No significant deficit was observed
during this period.
Table 2. Calculated changes between subsequent DEMs.
Area (m2 )

Volume Change (m3 )

DEM Diff.

Erosion

Accumulation

No Change

Erosion

Accumulation

10 Aug 2019–14 May 2020
14 May 2020–19 Aug 2020
10 Aug 2019–19 Aug 2020

1846
1806
2838

1350
528
1186

28,256
29,118
27,428

881
890
1230

806
431
695

In the following period (spring) between May 2020 and August 2020 (Figure 9C,
Table 2), 1806 m2 (about 6% of the analysed area) was affected by erosion, and the surface
had subsided by 0.5 m on average. An insignificant part of the analysed area (about 2%)
was characterized by accumulation, with an average increase of 0.25 and a maximum
increase of 1 m. No elevation changes were observed within an area of 29,118 m2 (92%). A
volume loss of 890 m3 and an accumulation of 431 m3 were calculated.
The comparison between August 2019 and August 2020 showed significant changes
in the northwestern part. An area of about 2800 m2 (about 10%) was characterised by
erosion, while only 4% (1190 m2 ) was dominated by the accumulation of material. No
elevation changes were observed in the majority of the area (86%). The results indicated
a predominance of erosion in the northwestern part of the studied area. Localised areas
of significant elevation change could have been the result of rock falls. The total volume
of eroded material was estimated at 1230 m3 , while the volume of accumulated material
over a 1-year period was estimated at 695 m3 . The deficit was apparently transported
downslope outside the area.
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For the first observation period (fall and winter), a comparison of September 2019 to
May 2020 was made (Figure 9B, Table 2). The comparison showed that the total area of
5. Discussion

As described in Sections 3.1.1 and 3.1.2, the Urbas landslide exhibited different kinematic trends associated with different triggering mechanisms. To find out which external
triggering factors were the most strongly related to surface displacement, the correlation between daily surface displacements and the hydrometeorological parameters of cumulative
daily precipitation and average groundwater table was calculated (Table 3). For correlation
analysis, the Pearson coefficient was used, while its interpretation was based on [54].
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Table 3. Pearson correlation coefficient (r) between daily surface displacements and hydrometeorological parameters.
Hydrometeorological
Parameters
5
10
15
20
30
5
10
15
20
30
5
10
15
20
30
5
10
15
20
30

Correlation Coefficient (r)
GNSS2

Wire Extensometer

GNSS4

-days antecedent
precipitation

0.27
0.33
0.35
0.37
0.39

0.19
0.24
0.28
0.29
0.29

0.41
0.49
0.53
0.54
0.52

piezometer P1
-days average GWL change

0.32
0.34
0.35
0.34
0.29

0.21
0.22
0.22
0.21
0.15

0.55
0.58
0.59
0.57
0.47

piezometer P2
-days average GWL change

0.42
0.45
0.47
0.47
0.43

0.23
0.24
0.24
0.23
0.20

0.48
0.48
0.46
0.43
0.35

piezometer P3
-days average GWL change

0.40
0.41
0.41
0.41
0.41

0.54
0.56
0.56
0.56
0.51

0.65
0.63
0.60
0.55
0.44

The results (Section 3) revealed that the Urbas landslide dynamics varied along the
landslide area, mainly depending on local geological and hydrogeological conditions.
Consequently, certain parts of the landslide are at different evolutionary states and respond
differently to the same external trigger factors.
GNSS surface displacements and in situ geotechnical investigations indicated that the
upper part is a steady-type landslide, a term borrowed from [44]. Surface displacements
increased monotonically with time, with average displacement rates of about 5.5 mm
per month, whereas deep displacements (obtained from I1) were observed at a contact
between dry gravel and decomposed clastic rocks at a depth of 23 mm, with a change rate
of about 55 mm in 11 months. The linear displacement trend and correlation coefficients
indicated that the landslide dynamics of the upper part are controlled by internal controlling
factors such as the lithology, morphology, and gravity of the dry gravel material load
(Figure 6, Table 1). Their dependence on external triggering factors such as precipitation
and groundwater table change is insignificant. The impact assessment of erosion using
UAV photogrammetry showed that there was no significant contribution of material from
the slope above the main scarp during the period between August 2019 and May 2020.
In contrast to the landslide upper part, the cumulative displacement curves for the
main body indicated that the dynamics were the result of a combination of slow-moving
steady landslide and episodic steep-like displacements that corresponded to external
triggering factors (Figure 4). An analysis of the relation among surface displacements,
precipitation, and groundwater table changes showed that the highest correlation coefficient was found between surface displacements obtained by a wire extensometer and
groundwater table change observed in the P3 piezometer (Figure 7, Table 3). The reason
was that the groundwater table fluctuation in P3 reflected the hydrological conditions in the
deeper part of the landslide (Table 1). This was consistent with the finding that main-body
landslide dynamics is related to deep displacements observed at a depth of 10 m (obtained
from the I2) at the contact between residual soil and decomposed clastic rock. A periodic
trend of increased surface and deep displacement rates, as well as the correlation analysis,
indicated that the dynamics in this part are related to the groundwater level fluctuation
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in piezometer P3 and consequently to the saturation of the residual soil (Figures 4 and 7,
Table 3). The correlation analysis also indicated that displacement could have delayed
response to groundwater table change, possibly because the landslide is deep-seated and
consists mainly of clastic rocks with low soil permeability. The change in the groundwater
table and precipitation both showed seasonal patterns and had a complex relationship with
surface displacement.
The toe was recognized as the most active part of the landslide. The sliding mass in
this part consisted of decomposed and saturated clastic rocks mixed with a large amount
of scree material and vegetation remains. The area is crossed by the Bela stream, which
causes erosion and contributes significantly to the mobilization of the sliding material
downstream [25,31]. The dynamics of the landslide toe are consequently related to precipitation and increased discharge from the Bela and its tributaries. This is also indicated by a
correlation analysis showing that surface displacement could be correlated with precipitation, especially after 20 days of antecedent precipitation (Figure 8, Table 3). This suggests
that long-term precipitation (20 days to 1 month) can increase the displacement rate. The
correlation analysis also showed that groundwater table fluctuations also had an influence
on the surface displacement of GNSS4 (Figure 8, Table 3). The reason was that piezometer
P1 measured the groundwater table in an aquifer that recharges the Urbas spring. The
Urbas spring feeds the Bela stream, which flows, uncontrolled, along the landslide and
influences the shallow hydrogeological conditions that were observed in piezometer P2.
The surface displacement analysis and the correlation between the daily displacements
and the external triggering factors indicated that there was weak correlation among surface
displacements, cumulative daily precipitation, and average groundwater table during the
2-year monitoring period from September 2019 to September 2021. It should be taken
into account that the period of continuous monitoring was relatively short and that there
were none of the significant precipitation events typical for this area. A review of recent
meteorological data showed that there was no precipitation event of the magnitude of
the April 2017 event (approximately 200 mm/48 h) that could cause a debris flow in the
immediate vicinity of the Urbas landslide [23,26]. This reinforces the need to continue
the monitoring system to gain better insight into landslide dynamics and the influence of
external factors. Further investigation should also consider the influence of snow, which
was not addressed in this study due to lack of available snow-cover data such as depth and
water equivalent.
6. Conclusions
From this study, six main outcomes were derived.
1.

2.

3.

4.

Real-time surface displacements obtained from continuous monitoring using GNSS
proved to be essential input data for landslide dynamics assessment and allowed us
to obtain information on landslide kinematics.
In situ electronic geotechnical devices (a wire extensometer in our case) show real time
displacement trends comparable to those obtained by the GNSS method and could
also serve as an internal control of the GNSS monitoring. The use of geotechnical
devices on the site is less constrained by topography (open sky) and vegetation but
shows a greater impact of external factors such as temperature variations, snow cover,
and lightning strikes that need to be considered in data analysis.
GNSS provided a cost-effective and easy-to-use method for monitoring landslide
kinematics, but conventional in situ geotechnical and geodetic equipment and surveys
are still essential for obtaining information about the depth of the sliding surface and
groundwater dynamics.
Additional remote sensors to allow continuous monitoring of surface displacements
are required, especially on the main body of landslide. The monitoring network could
be upgraded with additional in situ geotechnical equipment such as inclinometers
because the current ones were destroyed due to landslide activity. Continuous measurement of the Bela stream flow would also add to the knowledge of the influence of
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5.

6.

surface water on landslide dynamics, especially in the area of the landslide toe, which
is prone to debris flow.
Before being implemented, new monitoring methods need to take into account constraints that could cause scattering for remote sensing: landslide orientation (northeast
to southwest), area size, vegetation, lack of power supply and absence of infrastructure.
Recent studies in Slovenia have shown that the frequency and intensity of precipitation
events are expected to increase because of climate change [3], so the total and effective
amount of rainfall, air temperature, evapotranspiration, and runoff from the Bela
stream catchment are expected to increase [37].
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