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Abstract

:

The Gajevo landslide in the Kravarsko area (Vukomeričke Gorice hilly area, northern Croatia) was chosen for investigation due to the existing landslide risk for the households at the landslide crown. Available data are limited, but a new landslide map and cross-section was developed within the presented research, mostly based on detailed light detection and ranging (LiDAR) data and field mapping. By comparing available orthophotos of the landslide, resident testimonies, precipitation data, and media releases, it was concluded that the landslide was activated in February 2014. The landslide was primarily triggered by increased precipitation (its measured variations could be in direct connection with ongoing global climate changes), but natural terrain features and anthropogenic factors also affected slope stability. New findings have led to the conclusion that the existing landslide area is large and complex and the crown and head scarp area should be stabilized by urgent remediation measures.
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1. Introduction


Landslides are a type of “mass wasting” which denotes any downslope movement of rock and soil under the direct influence of gravity [1,2]. They represent geohazardous events that can significantly affect the safety of people and can present danger to property [3,4]. As landslides differ due to site-specific characteristics and available data different variations and combinations of remote sensing methodology can be applied in its research when more landslide data is needed [5,6,7,8,9,10]. Even when in some cases landslide data is practically non-existent with different methods of remote sensing some of the much-needed input can be obtained [11,12] and understanding of the site-specific problem can be enhanced [5,6,7,8,9,10].



Although some landslide inventory data are available for the Zagreb city area [13,14], there are a lack of landslide data and information for the wider Zagreb County area, i.e., Vukomeričke Gorice hilly area, which does not mean that landslides do not occur there. Indeed, in 2014 a natural disaster was declared for the Kravarsko area because of landslide phenomena [15]. To improve the existing landslide data sets, initial Gajevo landslide map was developed [16] and the wider Kravarsko area was chosen as one of six pilot areas within the safEarth project (Interreg IPA: CBC program Croatia, Bosnia and Herzegovina, Montenegro) and in the GeoTwinn project (Wide-spread-05-2017-Twinning project: Croatian Geological Survey, HGI-CGS; British Geological Survey, BGS; and Geological Survey of Denmark and Greenland, GEUS). Within safEarth and GeoTwinn projects detailed LiDAR data was obtained and landslide inventory for the Kravarsko area has been developed by Croatian Geological Survey [10]. According to available data and field mapping conducted by Croatian Geological Survey landslides occur frequently in the Kravarsko area, causing damage to property and infrastructure [10,15,16]. The selected Gajevo landslide is a complex landslide, with more than one generation of movement, but with the dominance of rotational slide type. A slide is a downslope movement of a rock or soil mass occurring on surfaces of rupture or relatively thin zones of intense shear strain [4].



The advantages of applying remote sensing methods in landslide research are discussed within this paper using a concrete example of an active landslide that endangers local population and property [9,10,17]. The Gajevo landslide might be a good example of climate change influence on landslide activation [18,19,20]. The unusually high amount of precipitation (1601 mm in 2014) and specific site lithology (interchange of sandy and clayey layers i.e., heterogeneous Vrbova fm.) are considered the main triggers of landslide activation. Our research aimed to apply remote sensing methods and field investigations in the interpretation of the Gajevo landslide. The time (Section 4.1 and Section 5.1) and cause of landslide activation were determined (Section 5.2.2 and Section 5.2.3), and at the same time a preliminary geological model, new engineering–geological units (Section 4.5), precipitation and temperature data analysis (Section 5.2.3), and definition of a directly endangered area for the households are presented (Section 5.2.1).




2. Study Area


2.1. Geographical Settings


The research area is located in northern Croatia, in the central part of the Vukomeričke Gorice hilly area in Kravarsko municipality (Figure 1). Vukomeričke Gorice is a ~50 km long hilly area situated ~25 km south of Zagreb with a northwest to southeast orientation, between the Sava and Kupa valleys, just before their junction. Kravarsko stands out as the central settlement of this hilly area with an average height of approximately 200 m above sea level (m.a.s.l.) and with a temperate continental climate [21,22]. In winter, precipitation is lower, while at the transition from spring to summer, precipitation is somewhat higher [23]. The average sum value of precipitation in the winter (December, January and February) from 2000 to 2020 is 196 mm. While, for the same period, the average sum value of precipitation for the spring/summer (May, June and July) is 223 mm (source: Croatian Meteorological and Hydrological Service). The hilly area of Vukomeričke Gorice and investigated Kravarsko locality has experienced many landslides, and as a result of these movements, houses, roads, water systems, and power lines are endangered and locally damaged [10,15,24,25].




2.2. Geological Settings


The geological structure and development of the investigated area of the Vukomeričke Gorice are associated with the southwestern margin of the Pannonian basin system. This sedimentary basin system is situated in Central and Southeastern Europe. During the Miocene and Pliocene, the area was a part of the Central Paratethys [26]. The partial withdrawal of the Upper Miocene waters of the Pannonian basin system to the east formed Lake Slavonia, within which the Upper Pliocene deposits were deposited. During Pliocene, this lake spread from present-day Western Romania in the east to the Vukomeričke Gorice in the west [27]. The beginning of the development of Lake Slavonia is characterized by the extinction of brackish organisms, followed by the sudden endemic development of snails of the genus Viviparus. According to the mentioned genus of snails, Pliocene sediments deposited in Lake Slavonia are known as “Paludin deposits” or Viviparus layers/beds, and according to their developmental sequence, they are divided into the lower, middle, and upper Viviparus layers/beds. They are the most common surface deposits in the Vukomeričke Gorice hilly area. Viviparus beds are an interbedded mixture of Pliocene clay and sand, with some gravel and lignite intercalations [28]. Thickness is variable and directly dependent on the paleorelief: The deposit thickness on the hill ranges is from 200 to 400 m, while in the Sava depression it is from 350 to over 1000 m [24,25,29]. Only the northern part of Vukomeričke Gorice is covered with Plioquaternary clays, gravels, and sands [30,31], while along the northeast margins of the Vukomeričke Gorice Pliocene, deposits are covered with Pleistocene loess-like sediments [24,25].



In the wider area, the appearance of coarse-grained gray and brown sandstones was observed. They appear as irregular interlayers within the sands and are considered lithoarenites. Angular to subangular lithogenic particles predominate in the composition of detritus. Cement is calcite, and the particles are mostly coated with limonite coating (ferrous/ochre to red color) [32]. There is a sequence of fine-grained gravel, most of which is multi-colored quartz, usually up to three centimeters in diameter. The sand/gravel is cemented in places with limonite or opal and turns rarely into limonitized sandstone/conglomerate. Clays are less represented, and their ratio to sand is 1:4 to 1:6 [10,33]. In the area of research, there is a surface layer of sand, clay, or their mixtures of variable thickness. It is followed by deposits with a higher proportion of sand also containing different ratios of clay and gravel. These deposits are often local aquifers. At the same time, it is often the case that the sand/clay contact is a water-permeable/water-impermeable zone where, due to high pore-water pressures, the slide surface occurs. This is also the case with the Gajevo landslide: There are occasional springs in the sands, impermeable clay is found under the sands, and the main slide surface is on their contact [10,16,24,29,32].



Numerous small capacity springs, mostly periodical, appear in these deposits. As a result of the low water permeability of the upper deposits, rainwater partly runs off on the terrain surface (due to the high presence of fine particles, i.e., clay and silt) and partly infiltrates the underground (where sand and gravel particles are mainly present) [28,30,32]. Most of the sediments previously described as Viviparus beds are now classified as Vrbova fm. [34,35,36]. As a result of the variations in the permeable and impermeable deposits in this informal lithostratigraphic unit, there have been numerous landslides recorded [10,24,37,38,39,40].





3. Data and Methods


In this paper theoretical basics of landslides and remote sensing are presented. Available data related to the area of research (reports, scientific papers, maps, photo documentation, etc.), were gathered and reviewed. The “cabinet” maps of the Gajevo landslide were prepared and field verified. As a result, a new Gajevo landslide map and cross-section were developed with a definition of an area still directly endangered by a landslide. Precipitation analysis was also performed, and indications are that there is a correlation with ongoing climate changes.



This research was mainly based on the following data: Detailed LiDAR data collected for the ”safEarth“ project (Interreg IPA: CBC program Croatia, Bosnia and Herzegovina, Montenegro), field data, results of investigation presented in the master’s thesis [16], sedimentary logs developed for the wider area [29], the small scale Landslide Susceptibility Map of Croatia [41], the Basic Geological Map of Yugoslavia at the scale of 1:100,000 (Sheet Sisak with Guide) [24,25], orthophotos from 1968, 2011, 2014, 2018 and 2020 (from National Geodetic Administration of Croatia, NGA), a 1:5,000 scale topographic map (from National Geodetic Administration of Croatia, NGA), the Engineering–Geological Map of the Republic of Croatia at the scale of 1:300,000 [42], and the Engineering–Geological Map of Yugoslavia at the scale of 1:500,000 [39]. These data sets are public and freely available. Other available data were also used in analysis and verification (for example, precipitation and temperature data from the Croatian Meteorological and Hydrological Service). A comparison with different landslide case studies was made to optimize the research [19,20,43,44,45,46,47,48,49,50].



For the geological landslide case study, the basic geological properties of the locality and the wider area had to be taken into account. After the relevant literature and historical data analysis, geological and engineering–geological field mapping was conducted on site in several occasions (in 2018, 2019, 2020, and 2021), and lithological characteristics of the sediments were specified in more detail for the Gajevo landslide locality. The detailed LiDAR data from the “safEarth” project gave valuable insight into the geomorphological aspects of the area, while detailed orthophotos were used in the land cover classification. All of the available images (Section 4.1) and developed detailed digital elevation models (DEMs, Section 4.2) were used and played an integral part in landslide mapping, geological and engineering–geological analysis, and in the new landslide map and cross-section development (Section 4.5).




4. Results


4.1. Historical Orthophotos Analysis


By comparing the available orthophotos from the National Geodetic Administration of Croatia (NGA), the time (historical) sequence of the development of the Gajevo area/landslide was analyzed (photos from 1968, 2011, 2014, 2018, and 2020). The orthophotos provided an insight into the past 50 years and as such served as a valuable source of otherwise inaccessible historical information (Figure 2). During the 1960s the area was covered with cropland and forest: without houses and a landslide (Figure 2a). On the orthophoto from 2011 (Figure 2b) the landslide is not visible, but on the orthophoto from 2014, the landslide is present (Figure 2c, major cracks are marked with blue arrows). This fact places the proximate time of the landslide activation (based on Figure 2b,c) in the interval of 2011 to 2014. On the orthophotos, it is visible that the road was remediated with an embankment made of stone blocks (landslide damage example, Figure 2c–e, blue polygon). In the landslide body, a storage object was heavily damaged (Figure 2c,d, red polygon with object) and eventually removed (Figure 2e, red polygon without object).




4.2. Remote Landslide Mapping


Remote sensing is the science of gathering data about an object or phenomenon based on measurements of reflected and emitted radiation [51]. Landslide inventory development based on remote sensing data is possible (e.g., aerial photography and DEM) if there are distinct landslide features that can be mapped [11,52,53]. In some cases, landslide mapping is even more precise and easier on the high-resolution DEMs, and this is the case with the Gajevo landslide [9,54] (Figure 3). Based on remote data collected during the “safEarth” project, cabinet maps were developed from which important information was extracted (Figure 3), and the area affected by sliding (area ~ 19,500 m2, maximum length ~ 160 m, maximum width ~ 225 m) and the land cover were also determined. According to orthophotos six houses are situated either on the landslide or next to it.



In the spring of 2018, an aerial LiDAR scan with a density of 20 points per m2 was performed, and detailed orthophotos of the area (10 × 10 cm pixel size) were acquired (Figure 3a). From the LiDAR scan, it was possible to generate detailed high-resolution digital elevation models (DEMs) with 0.5 × 0.5 m cell size: a surface model, terrain model, hillshade, and slope model (Figure 3b). A 1 m contour line topography map model was also developed from LiDAR data (Figure 3c). On the developed DEMs several generations of deformations in the Gajevo landslide body are visible (newer, smaller landslides within the area of the initial landslide, please also see Section 5), and landslides in the vicinity can also be identified. Based on detailed orthophotos and high-resolution DEMs, the Gajevo landslide area was preliminarily mapped (Figure 3d). This Gajevo landslide map was based on remote sensing data and developed in the cabinet, so field verification of it was undertaken (geological investigations).




4.3. Geological Field Investigations


Available, relevant geological data were revised for the wider area (see Section 3). The Basic Geological Map of Yugoslavia at the scale of 1:100,000 (Sheet Sisak with Guide) [24,25] was the largest scale map available for the research area (details are shown in Figure 4). On this map, the wider area is in Viviparus beds represented with an interbedded mixture of Pliocene sands, clays, silts, gravels, sandstones, conglomerates, and lignite intercalations. Still, in the Kravarsko landslide area, the sediments mainly consist of sands, clays, and silts (or their mixtures) [10,16,28]. As for the Gajevo area, new data was acquired and detailed geological and engineering–geological mapping was performed also a new map was developed (please see Section 4.5).



Field mapping included 24 observation points (from T.1 to T.24) and deformation measurement points (from D1 to D4d), (Figure 5) with landslide field form completion and engineering–geological field form for soil description filled. Geological and engineering–geological mapping was performed, landslide features and indications were recorded, and locations for measuring deformations on objects were selected (Figure 6).



Deformation measurements indicated that from October 2019 to January 2021 there were no visible movements or crack propagations. For example, in Figure 6e we can see that the crack width, caused by the slide, is in both cases 2.5 cm which indicates there was no significant spreading due to subsidence/sliding. The situation was the same with other measurement points. Therefore, the landslide in that period can be considered inactive, which coincides with the precipitation data i.e., no significant variations in precipitation were recorded.




4.4. Precipitation Analysis


Climate changes have also affected the study area [55]. There are years when there is less rainfall in the annual rainfall count and years when rainfall exceeds the precipitation thresholds [56,57,58]. Although both factors have an influence on triggering the mechanisms of landslide activation, exceeding the precipitation thresholds (punctual intense precipitation) is more important than the number of days it rains per year (accumulated annual precipitation) [19,20,47,59,60,61].



For this study, precipitation and temperature data from nearest meteorological stations Kravarsko, Pisarovina, Zagreb-Pleso airport, and Sisak were used (Figure 7). The available data included historical data from 1971 to 2000 and data for the more recent period from 2000 to 2020. The available data were reviewed and analyzed to correlate the occurrence of landslides with unusually large amounts of precipitation in the area of Kravarsko. Historical average annual precipitation data for the period 1971–2000 reveals that the Kravarsko area is in the range of 900 to 1100 mm (Figure 7).



The data for the recent period from 2000 to 2020 indicate that climate changes are an important factor in landslide occurrence. For this statement available data for the relatively recent occurrence of landslides in similar, nearby locations and available historical landslide data were also reviewed: For the Zagreb area the increased values of precipitation (1150 mm for 2013 and 1460 mm for 2014) caused more than 150 landslide activation (reports) in 2013 and 2014 [13,14,53].



Precipitation from meteorological station Kravarsko and temperature from meteorological station Zagreb-Pleso airport were also correlated: The data indicate a slow increase in temperature and precipitation over the last 20 years, which can be assigned to ongoing climate changes (Figure 8) [55].




4.5. Gajevo Landslide Engineering–Geological Map and Cross-Section Development


All available geological data and research results were taken into account and a new detailed Gajevo landslide engineering–geological map and cross-section were developed. The initial map was based on the 1:500,000 scale Engineering–Geological Map of Yugoslavia [39], the 1:300,000 scale Engineering–Geological Map of the Republic of Croatia [42], Basic Geological Map of Yugoslavia at a scale of 1:100,000 (Sheet Sisak) [24,25] (Figure 4), and prepared cabinet maps (Figure 3). The research area is in one lithological unit on this initial map represented with Pliocene sandstones, sands, and clays, i.e., Viviparus beds.



As vegetation and human activity on the surface made it difficult to determine the deposits in the field, shallow excavations were also performed, and landslide main scarp was investigated. After conducting fieldwork it was concluded that the mapped units on the Gajevo landslide area consist of the informal Vrbova formation (Vrbova fm.), Pliocene (Pl1-3), previously described as Viviparus beds, and Pliocene (Pl2-3) [10,34,35,36]. In the field three units were differentiated: VRfm-S/SM sands, sands with silt (light gray on the map); VRfm-S/SCM sands, sands with clay and silt (dark gray on the map); and VRfm-C/CM clays, clays with silt (yellow on the map), as shown in Figure 9.



The new, revised Gajevo landslide engineering–geological map shows three mapped units and marked water phenomena and major cracks. The springing and the outflow of water occur on the upper part of the slope (main scarp area) on the contact of the sandy and clayey layers. Water re-enters the body of the landslide at the locations of mapped sandy layers (dark gray zones). In the areas where clay prevails on the surface, the water is retained in the form of puddles and swamps. The instability of the terrain is present all the way to the lower part of the slope, i.e., to the valley where the inclinations are decreased and the relief became flat. The developed map differentiates three lithological units of the same (informal) geological formation, showing the elements of landslide (area, cracks) and water status (springs, puddles, swamps) with the objects in the area (houses, collapsed object, road, embankment), as shown in Figure 9.



The engineering–geological cross-section AB of the Gajevo landslide with 25° azimuth was based on LiDAR data: The detailed DEMs and topographic map with 1 m contour lines were used in its development. On the cross-section, cracks and deformations in the landslide body are clearly visible, as well as several generations of sliding, and the existence of more sliding surfaces can be interpreted. Two characteristic landslide zones are visible on the topographic profile: the zone of depletion and the accumulation zone (Figure 10).



The cross-section shows the assumed/interpreted sliding surfaces according to mapped deformations on the terrain surface. Additionally, springs, swamps, and a well with the assumed/interpreted lithological changes of material in the deeper layers (based on the mapped surface changes) are presented. The location of the house (number 29) is also shown with the road on the top of the slope.



The landslide is located on the northern side of the slope, and the main scarp extends along the road for about 225 m. At the beginning of the AB cross-section, the sliding started next to the house, but it is possible that cracks also appeared under the house. Cracks are visible on the north side of the house where the existing wall is cracked and split. Gajevo landslide covers an area of ~19,500 m2 with height difference of ~35 m. Head scarp height varies between 5–10 m. At the same time “the toe of the head scarp zone” is the area where multiple occasional small springs occur and water is present on the terrain. Within the well the water level is on the terrain surface level i.e., marks the line of groundwater level.



The well ~20 m east of the cross-section is shown on the cross-section: The assumption is that in the location of the well the upper part of the landslide is drained, i.e., the main scarp area drainage is an ongoing natural process. The rest of the water from the landslide body is drained in the lower part of the slope: probably in multiple places and levels, but eventually, all of the water ends up in Koravec creek below the landslide toe part.



Furthermore, it is assumed from the cross-section that the deepest sliding surface is approximately 5–15 m deep (depending on the material accumulation in the landslide body). The assumption is that the sliding surface is the deepest in the zone of the collapsed object on the profile (T.24), i.e., in the zone of accumulation of material in the middle part of the landslide.



The precipitation drainage is ongoing partially on the surface and partially underground. Some of the precipitation probably flows downslope on the surface until the terrain becomes semi-permeable (sandy) when water enters the underground (middle part of the landslide). The drainage is ongoing partially on the sliding surfaces underground as they are the zones where the material is weakened. The lower part of the landslide is composed of “chaotic” colluvium without expressed surface water, and it is relatively dry. It is diffusely drained in multiple places. Eventually, the water content from the landslide body area ends up in the Koravec stream downslope.





5. Discussion


In this research, the remote landslide mapping data and data collected in the field were used to develop and verify a new Gajevo landslide map and cross-section. By conducting geological investigations on the Gajevo landslide area, three engineering–geological units were differentiated in Vrbova fm. The Gajevo landslide can be considered currently inactive, although there were some minor movements in some parts of the landslide in the last 12 months (data from December 2021). The landslide is a complex slide: There are several generations of movement, and several smaller landslides within the colluvium can be identified on detailed DEMs (and in the field). In 2014 the majority of the movements occurred, but as field mapping was conducted a couple of times (in 2018, 2019, 2020 and 2021) some more recent deformations within the landslide body were visible in the field. With the help of detailed DEM and from the field data six smaller landslides of different generations (younger than 2014) in the landslide body were distinguished (Figure 11). According to movement type the sliding(s) are composite and mainly can be considered as rotational, but there are also areas of translational slide and flow. According to the depth of the deepest sliding surface, the landslide varies from shallow (1–5 m) to deep (5–20 m).



5.1. Activation Time


Based on historical aerial photographs, the approximate time of landslide activation was set sometime in the period 2011–2014 (Figure 2a,c). This is in accordance with precipitation data which indicate wintertime of 2014 as the landslide activation period (confirmed by eyewitness accounts). Information from locals, media releases, and precipitation analysis were used to assess landslide activation more accurately. Based on such data, the activation time of the landslide was determined as February 2014 [16]. The Kravarsko municipality has even declared a state of emergency due to the increased occurrence of landslides in February 2014 [15].




5.2. Landslide Conditioning Factors


5.2.1. Terrain Characteristics


The Gajevo landslide is located on the north side of the slope and north of the road. There are houses located on/above the landslide, i.e., in the crown area of the landslide (Figure 11). These houses are still endangered. The main scarp of the landslide is practically under the houses at Gajevo Street, house numbers 23-31. The lithological composition of the Pliocene Viviparus layers of Vukomeričke Gorice includes sands, gravels, clays, silts, sandstones, conglomerates, and several occurrences of lignite layers [24,25,29], while on site, in Vrbova fm., three units were mapped: sands, sand with clays, and clays. The geological mapping conclusion is that on the Gajevo landslide area there are zones with mixtures of sands and clays with silts and some organic components. These variations (different material ratios) are site-specific and highly variable both laterally and vertically. Still, three zones were differentiated in the field based on engineering–geological material characteristics: mainly coherent, mainly incoherent, and mixture. The colluvium is predominantly coherent (clays with silts), while the incoherent material (sand) is predominantly on the upper part of the slope, and in the sandy layers water accumulates in the pores. At the contact of water-impermeable coherent layers (made of clays) and water-permeable incoherent layers (made of sands), local, periodical springs are present, and it is usually at these contacts that sliding occurs. These specific lithological characteristics of heterogeneous Vrbova fm. are extremely unstable on slopes and favor the development of landslides [37,38,40].



The assumed depth of the sliding surface in the landslide area is mostly 10 m, the shape of the landslide is almost equidimensional (~225 m wide and ~160 m long), and the area affected by a landslide is ~19,500 m2. The direction of exposure of the slope and the direction of movement is towards the northeast.



One of the main contributions of this research (besides the new landslide map, cross-section development, and precipitation analysis) is the fact that the area directly endangered by the Gajevo landslide can be defined: It is the landslide crown and head scarp area (the head scarp height is in range of 5 to 10 m) with five houses and the road on the verge of the landslide (Figure 11) which is ~1/3 of Gajevo landslide area (~6,500 m2). Slope stability and landslide activation were pre-defined by terrain characteristics, i.e., geological structure (interchange of the permeable and impermeable layers) and terrain morphology. As the layers are horizontal or sub-horizontal, the degree of disintegration, i.e., weathering at surface layers (which are loose and poorly lithified) is in direct correlation with the amount and penetration of the precipitation. Increased humidity/water content in the material led to slope collapse.




5.2.2. Anthropogenic Factor


Even though the existing terrain characteristics were unfavorable the anthropogenic factor also adversely affected the stability of the slope: Additional load was placed on the top of the slope (road and houses were built; Figure 2, Figure 11 and Figure 12), and the drainage of rainwater from the road and houses is not well regulated, i.e., the collection and discharge of rainwater are concentrated down the slope (in the landslide body). In addition, there may have been a leak in the water line (originally was placed underground in the body of the road). The water line is now placed on the slope’s surface but this cannot be considered as a permanent solution; see Figure 12).




5.2.3. Climate Change and Precipitation Value Correlation


The hypothesis that the main cause (triggering factor) of the Gajevo landslide was primarily climate changes (in the broader sense) was tested by precipitation data analysis.



The precipitation values from Kravarsko meteorological station shows that during 2014, the annual rainfall (of 1601 mm) was approximately 45–78% higher than the average annual values in the period from 1971 to 2000 (of 900–1100 mm) but also 79% higher than the average annual values from 2000 to 2020 (of 895 mm; Figure 7 and Figure 8). Furthermore, the significant difference in precipitation amounts for Kravarsko meteorological station between 2011 and 2014, with the precipitation amount in 2011 being 447 mm and in 2014 being 1601 mm (Figure 8, Table 1), is a crucial factor that triggered the landslide activation. This large amplitude indicates the change in rainfall pattern, and it is also considered as a sign of a growing impact of global warming and climate changes on the usual annual precipitation values [47,63,64].



Based on the geographical position, available landslide data, and comparison of the meteorological station Kravarsko data with other close-by meteorological stations, the data for the research area are considered comparable with Zagreb County and City of Zagreb area precipitation and landslide data. According to available data from the Podsljeme hilly area of the City of Zagreb, the largest number of landslides (more than 150) was reported in 2013 and 2014 [13]. The amount of precipitation in winter 2013-2014 also has very similar values for the area of Podsljeme hilly area and Vukomeričke Gorice hilly area (Table 1). These data are indicative as the area of the Podsljeme has a similar geological build and geographical setting to Vukomeričke Gorice [14]. As such these data sets point out climate changes as ongoing with their impacts in the wider area.



The ongoing climate changes (manifested in temperature and precipitation changes, Figure 8 and Figure 13) affect the Gajevo landslide area greatly: The data show that in the period from 2011 to 2014 there was an increase in precipitation and the monthly average temperature in winter (Figure 13). This sharp rise in temperatures especially in February 2014, accompanied by heavy rain, caused the snow to melt. With melting snow and heavy rainfall, groundwater levels have risen dramatically and rapidly, leading to an increase in pore-water pressures that reduced the shear strength of the soil and caused the activation of the landslide [65,66]. Moreover, there is a possibility of the “long term” influence of a sudden amplitude of precipitation between dry years (2011 and 2012) when desiccation cracks are likely to occur in the study area and with years of increased rainfall (in 2013 and 2014) when deeper water penetration was expected due to higher precipitation values and “pre-existing non-healed” desiccation cracks through which critical levels of pore pressure were reached more easily [66,67,68,69].






6. Conclusions


Relevant available data were reviewed, and two methods for Gajevo landslide mapping were used: remote and field mapping. Analysis of existing remote sensing data (historical orthophoto documentation) had great importance because it gave insight into the historical development of the landslide area through the last 50 years. By cabinet processing and analysis of detailed remote sensing data, cartographic base maps were developed. They were based on high-resolution DEMs (0.5 × 0.5 m cell size), orthophotos (10 × 10 cm pixel size), and a 1 m contour line topography map. From the cabinet maps, information about the Gajevo landslide was gained. The area affected by the landslide was drawn out, the land cover was determined, and visible signs of damage were noted. Classic field mapping, at the same time, served for remote mapping data/developed cabinet maps verification and for the definition of geological/engineering–geological units on the area. Importantly, in the area with dense vegetation, mapping on the high-quality remote sensing data/high-resolution DEMs can be even more accurate than the classic field mapping. Moreover, the analysis of remote data allows a larger terrain area to be processed/inspected without loss of quality which means optimization of time and economic resources. Nevertheless, classic field mapping cannot be ignored or neglected. The combination of remote and field methods facilitates the efficient implementation and improved research results. Geological and engineering–geological field mapping of the landslide area was performed multiple times (in 2018, 2019, 2020, and 2021) to gather info about the landslide area (24 field points were marked, along with deformation measurement points on the houses in the landslide crown area). Differences in lithology were noted, and the landslide area was divided into three engineering–geological units. The results are presented on the new Gajevo landslide map. On the map, major cracks and occurrences of water are noted. The landslide area drawn out in the cabinet map was corrected in the field: As the landslide partially affects the road, the embankment area was included in the landslide area. An engineering–geological cross-section of the Gajevo landslide was also developed, and the most endangered area in terms of future movements and damage was defined: the landslide crown and head scarp area.



Based on the relevant available temperature and precipitation data, it can be concluded that the high amount of precipitation in February 2014 was the main landslide triggering factor (besides the existing unfavorable morphological, geological, and anthropogenic factors). The ongoing climate changes (manifested in temperature and precipitation changes) affect the Gajevo landslide area greatly: The data show that in the period from 2011 to 2014 there was an increase in precipitation and the monthly average temperature in winter.



Although it is currently inactive, the Gajevo landslide in the Kravarsko area (northern Croatia), can be reactivated in case of heavier precipitation or due to anthropogenic activities. This can lead to greater damage to houses in the landslide crown area and endangerment of lives. The Gajevo landslide is complex, with more generations of landslides, smaller landslides in the main landslide body are also present, and multiple slide surfaces at different depths exist. The landslide area material variations are site-specific and highly variable both laterally and vertically (sand vs. clay). Taking into account these facts, further detailed research is recommended, for example drilling, geophysical investigations, laboratory analysis, water data gathering, situation monitoring, and new data analysis.



For the local community, it is advised to monitor the area, with emphasis on the endangered housing area/landslide crown and head scarp area. It should be noted that the current slope drainage system is inadequately constructed since the majority of the drainage pipes end out in the body of the landslide. Additionally, drainage from the road is not adequate. All of the present water should be, in a controlled way, gathered and steered away to the existing Koravec stream downslope. Apart from the recommended drainage system improvements, it is necessary to inform and educate the local community about possibilities and means of coexistence with the landslide and how individuals can contribute to landslide remediation. Landslide mitigation should be performed at least to some degree at the directly endangered area, and in this case, timely intervention can be crucial in preventing safety risks and damage to property.
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Figure 1. Relief map of Croatia with the geographical position of the investigated area between Sava and Kupa valleys; Vukomeričke Gorice hilly area (red polygon), Kravarsko municipality (black polygon), and Gajevo landslide (yellow polygon). 
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Figure 2. Historical orthophotos and development of the research area (Gajevo landslide): (a) Gajevo area in 1968 with croplands and forests; (b) Gajevo area in 2011 with houses but without visible landslide features; (c) visible landslide in 2014, with marked “fresh” major cracks (blue arrows), road embankment (blue polygon) and damaged object in the landslide body (red polygon); (d) landslide area in 2018, where the cracks are masked by vegetation; and (e) landslide area in 2020, where the damaged object in the landslide body is removed (red polygon). 
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Figure 3. Comparison of developed “cabinet” maps based on data obtained by remote sensing. The picture marked with (a) shows an orthophoto from 2018 from which land cover and the area affected by the landslide were determined. The map marked with the letter (b) shows a combination of detailed hillshade, terrain slope model, and the morphology of the terrain without buildings and visible vegetation. This model was used as a basis for remote mapping of the area affected by the landslide as the scars formed during sliding are visible on the terrain model and can be identified; (c) orthophoto with the generated 1 m contour lines (developed from the detailed digital elevation model (DEM), which was used in landslide cross-section development); (d) orthophoto of increased transparency, on which the Gajevo landslide and other smaller landslides in its vicinity are marked. The remote mapping was based on high-resolution DEMs, orthophotos, and the developed 1 m contour line topography map. 
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Figure 4. Detail from the Basic Geological Map of Yugoslavia at the scale of 1:100,000 (Sheet Sisak with Guide) [24,25]: the wider area is in Viviparus beds represented with an interbedded mixture of Pliocene sands, gravels, clays, conglomerates, and sandstones. Landslides are also indicated in the wider area (marked with red lines with arrow), and the Gajevo landslide area is marked (red polygon). Degrees, minutes and seconds are marked on the outside of the data frame (map). Still as in Croatia the official spatial reference in use is HTRS96 Croatia TM the coordinates marked by easting and northing are also given, but inside the data frame (map). 
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Figure 5. Orthophoto map with terrain morphology, marked field observation points (red dots: T.1 to T.24), deformation measurement points (green dots: D1, D2, D3, D4a, and D4d), and house numbers (orange markings). Houses at the landslide crown area are still endangered by the Gajevo landslide. Spatial reference is given in degrees, minutes and seconds and in HTRS96 Croatia TM. 
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Figure 6. Gajevo landslide area: (a) view to the east part of the landslide from T.20 observation point; (b) landslide crown from T.10 observation point with damage “right under” the houses; (c) view of the endangered houses from T.12/T.24 observation points (from the location of the collapsed object); (d) view to the north from T.20 observation point; (e) crack measurements on D3 measurement point in October 2019 and March 2020; (f) Koravec creek located under the landslide toe (T.22). Some details are highlighted: White lines mark the “shifted” stairs, the blue line marks the well (with water on the terrain level) and orange lines mark the collapsed wall (photos from field mapping by Croatian Geological Survey from October 2019, March, and July 2020). 
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Figure 7. Map of the average annual precipitation for the period from 1971 to 2000 for Croatia. Relevant meteorological stations for the research area are Pisarovina (1), Zagreb-Pleso airport (2), Sisak (3), Kravarsko (4) [23,62]. 
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Figure 8. Precipitation data from meteorological station Kravarsko and temperature data from Zagreb-Pleso airport meteorological station with a linear representation: the data indicate a slow increase in temperature and precipitation from 2000 to 2020. The black arrow indicates the activation time of the Gajevo landslide (2014), and the yellow arrow shows the (high value of) precipitation amplitude (Source: Croatian Meteorological and Hydrological Service). 
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Figure 9. Gajevo landslide engineering–geological map. Spatial reference is given in degrees, minutes and seconds and in HTRS96 Croatia TM. 
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Figure 10. Gajevo landslide engineering–geological cross-section. 
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Figure 11. Orthophoto map and detailed DEM with visible smaller landslides/deformations within the area of the initial landslide. The blue area is directly endangered by Gajevo landslide: the crown and the head scarp area. Spatial reference is given in degrees, minutes and seconds and in HTRS96 Croatia TM. 
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Figure 12. Photography of the “surface” water line and location of the first four observation points (T.1–T.4). Surface water drainage from the road embankment is also ongoing by the surface canal (by T.4), which is not a viable solution as the gathered water content ends up in the landslide body. 
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Figure 13. The average monthly precipitation data from meteorological station Kravarsko and temperature data from meteorological station Zagreb-Pleso airport from 2011 to 2014. An emphasis is placed on changes in temperature in winter months (orange markings, full line) when higher temperatures were accompanied by high precipitation values—for example February 2014 (Source: Croatian Meteorological and Hydrological Service). 
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Table 1. Precipitation at relevant meteorological stations (MSs) shows the increased amount of precipitation in 2013 and 2014 in the wider research area (City of Zagreb—CZ, Zagreb County—ZC, Sisačko-moslovačka County—SMC) and in the research area (Kravarsko area in Zagreb County—ZC); see also Figure 7 (Source: Croatian Meteorological and Hydrological Service).
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YEAR OF MEASUREMENT

	
METEOROLOGICAL STATIONS (MSs)




	
Pisarovina MS

ZC (mm)

	
Zagreb-Pleso Airport MS CZ (mm)

	
Sisak MS SMC (mm)

	
Kravarsko MS ZC (mm)






	
2012

	
949

	
853

	
811

	
728




	
2013

	
1331

	
1150

	
1072

	
966




	
2014

	
1634

	
1460

	
1451

	
1601




	
2015

	
1062

	
935

	
1003

	
1047




	
2016

	
1035

	
974

	
1024

	
1107




	
2017

	
937

	
922

	
939

	
1001




	
2018

	
871

	
968

	
924

	
980




	
2019

	
1226

	
1054

	
1096

	
1234




	
2020

	
917

	
959

	
761

	
917
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