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Abstract Landslide movements pose a substantial risk to 
people and infrastructure. Sometimes, in cases of complex 
or large volume landslides, monitoring and prediction are 
the only reliable and cost-efficient methods for the 
mitigation of the landside risk. This paper presents six 
years monitoring data series observed by the Kostanjek 
landslide monitoring system (Zagreb, Croatia). The 
Kostanjek landslide monitoring system consist of multiple 
sensor networks for continuous observations of external 
triggers, hydrological properties and displacements. The 
presented data are continuous displacement and 
groundwater level data measured at the central part of the 
landslide, while presented precipitation data are measured 
at the meteorological station Zagreb-Grič. During the 
period 2013-2018 the Kostanjek landslide experienced 
multiple reactivations, with maximal displacements up to 
750 mm, with the highest velocities measured in the 
central part of landside. All reactivations are consequences 
of high groundwater levels. During the monitoring period 
the groundwater level changed from to 19 to 10.5 m. The 
cumulative precipitations that caused groundwater level 
to rise ranged from 21 mm to 180 mm, depending on the 
initial groundwater level. This data shows that the amount 
of precipitation necessary for landslide reactivation 
depends on the soil moisture above the groundwater level. 
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Introduction 

Landslides present a natural hazard which causes 
human losses (e.g., Petley 2012), as well as significant 
damage to property and infrastructure around the world 
every year (e.g., Haque et al. 2016). Remediation measures 
are extensively used for reducing and even eliminating the 
landslide related hazard (Michoud et al., 2013). However, 
remediation measures are sometimes too expensive or too 
difficult, especially when dealing with complex or large 
volume landslides (Blikra, 2012). In these cases, 
monitoring of the slopes, prediction of landslide 
movements and finally the establishment of an early 
warning system, are practical measures for the reduction 
of landslide risk. Monitoring of triggering parameters is 
necessary to study landslide occurrence and behaviour, as 
well as to define thresholds and alert criteria to be 
employed in a LEWS (Pecoraro et al, 2019). 

The example of monitoring of a large volume landslide is 
a Kostanjek landslide monitoring system. In the 
framework of the scientific Japanese-Croatian bilateral 
SATREPS FY2008 project ‘Risk Identification and Land-
Use Planning for Disaster Mitigation of Landslides and 
Floods in Croatia’ a Kostanjek landslide monitoring system 
was established with the main objective of landslide 
mitigation though the development of an early-warning 
system (Mihalić Arbanas et al. 2013). Multiple sensor 
networks for continuous observations of landslide 
movements and its causes were setup in the period 2011–
2014. This paper presents the Kostanjek monitoring system 
and the results of the continuous monitoring for the 
period 2013-2018. 

 
Kostanjek landside 

The Kostanjek landslide is the largest landslide in the 
Republic of Croatia (Fig. 1). It is a reactivated deep-seated 
translational landslide located in the urbanized area of the 
City of Zagreb (the capital and the largest city in Croatia) 
at the base of the southwestern slopes of Medvednica Mt. 
The total landslide area is approximately 1 km2. Since its 
activation in 1963, Kostanjek landslide has caused 
substantial damage to buildings and infrastructure in the 
residential and in industrial zones. 

The landslide was caused by anthropogenic factors, 
mainly by excavations in a marl quarry placed in the toe 
part of the landslide. Despite extremely slow to slow 
landslide movements during 56 years, the risk in the area 
of the Kostanjek landslide is very high for residents and for 
material properties (approx. 300 single-family houses and 
infrastructure networks are placed on the moving 
landslide mass). The total displacement of the Kostanjek 
landslide is unknown because of poor temporal resolution 
of landslide movement observations and inconsistent 
measurements at stable geodetic points. 

The sliding surface was developed in Middle Miocene 
(Sarmatian) laminated marls, while the displaced mass 
consists of Upper Miocene clayey marls with thin 
limestone layers (Lower Pannonian) and massive clayey 
marls (Upper Pannonian). The width of the displaced mass 
is 960 m, and the total length of the Kostanjek landslide is 
1.26 km. The depth of the sliding surface is approximately 
90 m according to the interpretation by Ortolan and 
Pleško (1992). The volume of the sliding mass is evaluated 
to be 32×106 m3 (Stanić and Nonveiller 1996). 
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Figure 1 Location of the Kostanjek landslide and the 
meteorological station Zagreb-Grič. 

 

Monitoring system 

Kostanjek landslide monitoring system consist of 
multiple sensor networks for continuous observations of: 
(1) external triggers (rain gauge and accelerometers); (2) 
hydrological properties (pore pressure gauges and water 
level sensors in boreholes and domestic wells, water level 
sensors at outflow weirs); (3) displacement/activity (GNSS 
sensors, extensometers, borehole extensometers and 
inclinometer). The majority of monitoring equipment is 
installed at a central monitoring station, located in the 
central part of the Kostanjek landslide (Fig. 2). The 
following text presents the brief overview of the sensor 
networks (rain gauge, water level sensors and GNSS) and 
monitoring results for the period 2013-2018. 

The external triggers, e.g. meteorological conditions 
relevant for the Kostanjek landslide are measured since 
2011 with a 0.5 mm tipping-bucket rain gauge (NetLG-201E, 
Osasi Technos Inc). Due to malfunctions of the rain gauge, 
in December 2014, a new weather station (Davis Vantage 
Pro2, Davis Instruments) was installed. During the 
monitoring period, the meteorological conditions are also 
gathered from the Zagreb-Grič meteorological station of 
the Croatian Meteorological and Hydrological Service. 
Zagreb-Grič meteorological station is placed 9 km east of 
Kostanjek, at the southern slopes of Medvednica 
Mountain (Fig. 1), at the location with the similar 
geomorphological and hydrological conditions as 
Kostanjek landside (Krkač, 2015). The data from Zagreb-

Grič meteorological station are available for the period 
from 1862. 

 
Figure 2 Locations of multiple sensor networks at the Kostanjek 
landslide (Krkač et al, 2017). 

 
GWL data are continuously monitored at the five locations 
within the landslide, in the boreholes and domestic wells. 
Water level sensor (WLS-1 on Fig. 2) for measurement of 
hydrostatic pressures (DS-1, Osasi Technos Inc) is installed 
at the central part of landslide in a borehole with an 
accelerometer since January 2013. The sensor is installed at 
the depth of 40 meters. The data obtained from the water 
level sensor gives an average position of the water table 
between the top of the borehole and the depth of 35 m, 
whereas below this depth the borehole is sealed. Same type 
of sensors are installed in two domestic wells, near the 
northern landslide boundary, approximately 600 meters 
north-northeast, and in the western part of landside, 
approximately 400 meters southwest from WLS 1. Sensors 
for measurement of hydrostatic pressures (Rugged TROLL 
100, In-Situ Inc) are additionally installed in two domestic 
wells, near the west and northwest landslide boundary. In 
September 2013 at the central part of landside, near WLS, 
three pore pressure gauges (KPB-1MPA/KPB-500KPA, 
Tokyo Sokki Kenkyujo Co., Ltd) are installed in the 
borehole, at the depths of 37.5, 50.1 and 62.8 m meters.  

The Kostanjek landslide GNSS monitoring network 
for continuous surface displacement measurement 
consists of 15 double-frequency NetR9 TI-2 GNSS 
reference stations with Zephyr Geodetic 2 GNSS antennas 
(Trimble). GNSS receivers are fixed to 4 meter high poles 
with 1 meter deep reinforced foundations. The 16th GNSS 
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reference station, is a stable GNSS located approximately 
7 km south of the landslide. Receivers collect raw GNSS 
data and deliver it in real-time (using routers) to Trimble 
4D Control software (T4DC) installed on an 
application/data server in a data centre at Faculty of 
Mining, Geology and Petroleum Engineering, University of 
Zagreb (Fig. 1). 

The precision of GNSS measurements, calculated as 
the root mean square error on the 24-h post-processing 
position (at 2σ, 95% confidence), is 3.2-4.6 mm in 
planimetry and 6.1-10.5 mm in altimetry (Krkač et al. 2017). 
The total temporal data coverage of GNSS since its 
installation, for most receivers, is higher than 95%. 

 
Monitoring results 

Precipitation 
The climate of the City of Zagreb is continental under 

a mild maritime influence (Gajić-Čapka and Zaninović 
2008), characterized by warm summers and cold winters. 
The average annual precipitation measured at the Zagreb-
Grič meteorological station is 887 mm for the period 1862–
2012. The maximal daily precipitations and the highest 
monthly precipitations (Gajić-Čapka and Zaninović 2008) 
occur during the summer and autumn months. The 
average number of days per month with precipitation is 
highest (an average of 12 to 14 days) from April to June and 
lowest (9 to 12 days) in September and October (Gajić-
Čapka and Zaninović 2008). 

Monthly and cumulative yearly precipitations 
measured at the Zagreb-Grič meteorological station for the 
period 2013–2018 are displayed in Fig. 3. Meteorological 
conditions during the first two years of the monitoring 
period can be considered as very wet. In 2013, the total 
precipitation at Zagreb-Grič meteorological station was 
1,092 mm, and in 2014, it was 1,234 mm. The total yearly 
precipitations during the period 2015-2018 were about 
annual average for the City of Zagreb or slightly below 
(823, 854, 888 and 827 mm). The highest daily 
precipitation (55.2 mm) was recorded in February 2013. 
The maximal monthly precipitation (208 mm) was 
recorded in September 2014. Significant amount of 
precipitations during the wet periods (September to April) 
caused significant changes of groundwater level (GWL) 
and consequently landslide movement. 

Groundwater level depth 
The data records from water level sensors in the 

central part of the landslide show GWL oscillations up to 
8.5 m, between depth of 19 to 10.5 m, corresponding to 
variation of the pore pressures at the sliding surface, in the 
central part of landslide, from 425 to 510 kPa. Fig. 4 shows 
GWL depths and pore pressures monitored at the central 
part of the landslide during the period 2013-2018. GWL 
depths and pore pressures are calculated as 24-h average 
daily data. The pore pressure change pattern measured 
with the deepest sensor shows almost identical pattern as 
GWL change pattern measured with WLS 1. Altogether, 21 
periods of groundwater level rise occurred, during which 
groundwater level relatively changed from 0.19 to 5.04 m. 
The maximal observed groundwater level rise rate was 0.87 
m/day, whereas the maximal observed groundwater level 
recession rate was 0.16 m/day. The average groundwater 
level recession rate was 0.05 m/day. 

The cumulative precipitations that caused GWL rise 
at the central part of landslide ranged from 21 mm to 180 
mm, depending on initial GWL depth. At the deeper 
GWLs, for example at the summer months, higher 
amounts of precipitation are necessary to influence GWL 
rise, while at the lower GWL depths, during the autumn or 
winter months, lower amounts of precipitation are 
necessary to influence GWL rise. Example for that is 91 mm 
precipitation during six days in August 2013, at the initial 
GWL depth of 18.5 m, which did not cause a groundwater 
level to rise. In contrast, 21 mm of precipitation during 
seven days in November 2014 (approximately 25 days after 
intensive precipitation of 125.5 mm), at the initial GWL 
depth of 12.5 m, caused a groundwater level rise of 0.23 m 
(Krkač et al., 2017). This phenomenon is related to the soil 
moisture conditions and different hydraulic conductivity 
above the groundwater level during the wet and dry 
periods (Krkač, 2015). 

Data measured with other water level sensors, which 
are located near the landslide boundaries, generally shows 
smaller GWL depths (7.5-3 m near the main scarp and 3.5-
1 m at the right landslide flank). Additionally, GWL 
changes near the landslide boundary are much more prone 
to short term and light precipitations. 
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Figure 3 Cumulative and monthly precipitations measured at Zagreb-Grič meteorological station 

 
Figure 4 Groundwater level depth and pore pressure at the sliding surface measured at central part of Kostanjek landslide. 

 
 

Movement 
Analysis of monitoring data from all 15 permanent 

GNSS stations showed similar patterns of landslide 
movements across the entire landslide area, but with 
different velocities. The highest velocities were measured 
in the central part of the landslide, while the smallest near 
the landslide boundaries. The total horizontal 
displacements in the central part of the landslide, during 
the period 2012-2018, were between 550 and 750 mm, and 
the vertical displacements were between -120 and 400 mm. 
The total horizontal displacements measured near the 
landslide boundaries were between 70 and 500 mm, and 
the vertical displacements were between -200 and 70 mm. 
Fig. 5 presents the cumulative displacements measured at 
the central part of landside (GNSS 08). 

From the GNSS measurements, totally seven period 
periods of faster movements and seven periods of slower 
movement can be distinguished. The patterns of faster 
movement are similar to patterns observed at the Utiku 
landslide (Massey 2014) and can be considered as 
reactivations in which movement occurs along a fully 

developed sliding surface in which the material is assumed 
to be at residual strength (Skempton 1985). The maximal 
observed velocity was 4.5 mm/day, which was reached in 
the first period of faster movement during the first week 
of April 2013. The longest period of faster movement lasted 
from the end of January 2013 to the end of May 2013, during 
which the total horizontal displacement was 168 mm. All 
seven periods of faster movement occurred as a 
consequence of groundwater level rising (Fig. 6). 

Generally, greater movement velocities at the 
Kostanjek landslide occurred during the groundwater level 
rise periods that start at high initial groundwater levels 
(Krkač et al. 2017). Also, monitoring data display that 
landslide velocities at the certain GWL during the GWL 
rising are higher than at the same level during the GWL 
falling. Periods of slower movement can be described as 
periods of rest or suspended state of activity according to 
Cruden and Varnes (1996). During periods of slower 
movement, the landslide velocities were up to 
6 mm/month. 
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Figure 5 Cumulative displacements measured at the central part of landside (GNSS 08). 

 
Figure 6 Cumulative 3D displacements (measured with GNSS 08), compared with groundwater level/pore pressure measured at the 
central part of landslide. 

 
Conclusion 

The Kostanjek landside monitoring system, with a 
multiple sensor networks for measurement of external 
triggers, hydrological properties and displacement, was set 
up in the period 2011–2014. During the period 2013-2018 the 
total cumulative displacement measured with GNSS 
sensor 08, at the central monitoring station, was 565 mm. 
From the movement pattern, totally seven periods of faster 
movements and seven periods of slower movement can be 
distinguished. The maximal observed velocity was 4.5 
mm/day, which was reached in the first period of faster 
movement during the first week of April 2013. 

Periods of faster displacement occurred as a 
consequence of GWL rising in the central part of landslide. 
The data records show GWL oscillations up to 8.5 m, 
between depth of 19 to 10.5 m. From the data comparison 
between GWL and movement, it can be concluded that the 
threshold value of the GWL depth, for initiation of faster 
landslide movement, is between 15 and 16 meters. From 
monitoring data, it is also visible that greater movement 
velocities at the Kostanjek landslide occur during the 
groundwater level rise periods that start at high initial  

 
groundwater levels. Additionally, lower values of 

landslide velocities were recorded for the same value of 
groundwater level during the groundwater level recession. 
All groundwater level rising periods occurred after periods 
of intensive precipitations and snowmelt. 

The total yearly precipitations during the period 
2013-2018 were above, and around average, for the City of 
Zagreb. The amount of precipitations that caused GWL to 
rise depends on the initial GWL. At the deeper GWLs 
higher amounts of precipitation are necessary to influence 
GWL rise, while at the lower GWL depths, lower amounts 
of precipitation are necessary to influence GWL rise, and 
consequently to initiate the landslide movement. 
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