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Abstract

:

This work aims to analyse the mechanisms and factors contributing to shallow soil landslides in river valleys entrenched in lowlands on the example of the Central Radunia Valley. The combination of susceptibility analysis using geographic-information-system-based statistical models, field surveys, analysis of archival materials, and numerical modelling for the analysis of slope stability and hydrogeological processes allows for comprehensive landslide reconstruction, mass movement mechanism description, and an explanation of the role of triggering and causal factors. The results emphasise the need for cross-disciplinary studies of shallow soil landslides. The identification and prioritisation of the causal factors indicate that geomorphological conditions play a particularly important role. The current study shows that the greatest influence on landslide formation in the Central Radunia Valley is slope angle, as determined using a high-resolution digital elevation model. The slope angle factor is sufficient to produce a reliable susceptibility map (the areas under the curve of the success rate and prediction rate curves are 87.84% and 85.34%, respectively). However, numerical modelling of slope failure also clearly indicated that there was a significant influence of anthropogenic impacts on the landslide process. We determined that the main triggering factor causing the January 2019 Rutki landslide was related to the drilling of a borehole on 10 January 2019. The water used for drilling hydrated the soil and thus weakened the stability conditions.
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1. Introduction


In Poland, people have been settling in river valleys since the Stone Age [1]. Over time, river valleys were strongly transformed during the industrialisation period. The main triggering factor responsible for the activation or reactivation of landslides is precipitation [2,3,4,5]. However, for landslides that develop in deeply entrenched river valleys, an additional trigger is the lateral erosion of the landslide toes (as shown in [6,7,8,9,10], to name but a few). Riverbank erosion, combined with the infiltration of rainwater into mobilised mass, makes near-river forms more susceptible to activation than slope landslides [11,12,13,14]. Nowadays, natural causative factors overlap with human activities, significantly increasing the risk of landslides. Due to the presence of conditioning (causal) and overlapping triggering factors, mass movements in entrenched river valleys result in significant financial losses, especially in places where there are hydroelectric power plants near a watercourse [15,16].



The basic tools for determining the causes of landslides and forecasting mass movements on a small scale are landslide susceptibility maps (LSMs) [17,18]. Approaches to and methods for assigning landslide susceptibility (LS) can be grouped into five broad categories, namely, (i) geomorphological mapping, (ii) analysis of landslide inventories, (iii) heuristic or index-based approaches, (iv) process-based methods, and (v) statistically based modelling methods [19]. However, the methods used in landslide susceptibility allow for the assessment of the role of anthropogenic factors to a limited extent [20], which is related to the difficulties caused by including factors that rapidly change in time and space in two-dimensional GIS analysis. Field surveys and stability analysis, as well as groundwater level and inclinometric monitoring, are carried out on individual landslides and, therefore, allow for the determination, to a greater extent, of the influence of anthropogenic actions on the activation and progression of landslides [21,22,23,24,25]. Such thorough research makes it possible to compare and supplement the conclusions resulting from susceptibility analyses.



This study primarily aimed to achieve (i) a comprehensive reconstruction of individual landslide development in a river valley entrenched in lowlands, (ii) the determination of anthropogenic triggering factors through the analysis of slope stability and hydrogeological processes, (iii) the identification and prioritisation of factors conditioning landslide development in river valleys entrenched in lowlands, and (iv) landslide susceptibility assessment using geographic-information-system (GIS)-based statistical models, i.e., logistic regression (LR).



This is the first study of the Central Radunia Valley, where the role of causal and triggering factors was determined, and LS was assessed. The determination of anthropogenic triggering factors was possible through the analysis of the slope stability and hydrogeological processes of the Rutki landslide. The numerical modelling of slope failure processes allows for a description of the mechanisms of shallow soil mass movement.



Study Area


The Central Radunia Valley (Babi Dół gorge) is located in a young morainic area in the northern part of the Polish Lowlands within the ice sheet limit of the Pomeranian Phase of the Vistulian (Weichselian) Glaciation (Figure 1) [26]. The study focuses on an area that occupies 4.75 km2 and is approximately 4.5 km long and up to 1 km wide. The Babi Dół gorge is narrow and U-shaped, and it is oriented in a NE–SW direction. The Central Radunia Valley is characterised by a significant inclination (25–40°) as well as a high relief (25–35 m). The stream flow decline is substantial, at up to 6.8‰ [27], while the average gradient of the Radunia River is 1.62–1.64‰ [28].



The study area has a distinctly maritime climate. The average wind speeds are 3.7 m/s, and the prevailing winds are from the SW, W, and NW directions [29]. The average annual rainfall recorded at Bąkowo station was approximately 630 mm, with most rainfall occurring in July [30,31]. During the period between 1951 and 2015, the average annual air temperature recorded at Chojnice station was 7.1 °C. However, the seasonal average air temperatures are changeable, corresponding to 16.3 °C in the summer (with a maximum of 21.8 °C and a minimum of 11.4 °C) and −1.9 °C in the winter (with a maximum of 0.6 °C and a minimum of −4.1 °C) [32]. The study area has a fairly large number of mean annual frost (69) and ice (42) days [32].



In terms of geomorphology, the study area is located within a small outwash plain [33,34]. The Radunia River Valley is polygenetic and consists of segments generated through different processes related to margin fluctuations of the Late Weichselian ice sheet [35]. It is located in a tunnel valley running NE–SW [33]. During the Late Vistulian, the tunnel valley was filled with blocks of buried dead ice, which protected against infilling with younger glacial and postglacial deposits [36]. The dead ice blocks in the substratum acted as a dam for the waters upstream of the valley [35]. This resulted in the formation of oversteepended slopes, which occurred to an extent greater than in the other parts of the Radunia Valley. The geological structure of the study area is homogeneous, dominated by glaciofluvial sediments [33,34,37]. These deposits consist of yellow-brown medium- and fine-grained sand, fine gravel, and boulders. The sand layers are deposited horizontally and diagonally. Their thickness sometimes exceeds 20 m [33,34]. The tills appear in a small area in the southern part, near the village of Babi Dół [27]. The floodplain in the Central Radunia Valley is narrow, typically spanning several tens to about a hundred metres, and contains a few paleomeanders. It consists of fluvial deposits from the Holocene up to 6 m thick: sand and silt with organic matter, sometimes peat and peaty silt [34,37,38]. At the bottom of the valley, in the middle part of the study area, there is an erosional terrace resting about 5 m above the floodplain [34].



The Radunia River is fed mainly by groundwater and has an alpine character with a fast river current. The average annual value of the unit outflow for the Radunia catchment ranges from 8 to 10 dm3s−1km−2 [31]. Such a large outflow affects the shape and depth of the groundwater table and increases river erosion. Data collected between 1963 and 2000 show that the water level in the Radunia River is at its highest in the winter and the early spring (February–April) and in the summer (July–September) [39]. The northern part of the research area has been anthropogenically altered. The Radunia River has been regulated, and, in the vicinity of Rutki, there is a dam reservoir. The hydroelectric power plant in Rutki influences the area’s water regimentation. The power plant started operating in October 1910, and it has been generating electricity until now without any long breaks [40].



The 12 m high soil dam of the power plant has been secured with a retaining wall. At the end of the 20th century, slope processes resulted in the formation of numerous cracks in the retaining wall, which could damage the dam. In 1988, the soil-nailing method was used in stabilising the slope [41,42]. Over time, the dam reservoir has decreased in size due to sedimentation [27,43].



In the slopes of the Radunia River Valley, the depth to the groundwater table follows the topography and ranges from 3 to 25 m. The bottom of the river valley and the area near the hydroelectric power plant in Rutki are characterised by the shallow presence of the first unconfined aquifer, locally confined in the range of <5 m below ground level [44,45]. Underground water drains to the Radunia River in the north, which is manifested by its right-bank tributaries, located in the area of Babi Dół [46].



In the northern part of the study area, there are roads, many buildings, a railway line, and a historic truss bridge built by the Germans in the autumn of 1886. The railway line (Figure 1), which is part of the Coal Trunk-Line built between 1926 and 1933 [47], runs through the entire research area on the left side of the Radunia River.



The southern part of the research area, which is less anthropogenically changed, is located within the ‘Jar Raduni’ Nature Reserve. The aim of the reserve is to protect the unique ecosystems of the ravine section of the river. The ecosystems are mountainous in nature, with corresponding flora and fauna species. The area is covered in oak–hornbeam and riparian forests, which harbour saprobionts. The area’s landslide processes have a significant impact on the ecosystems occurring in the reserve. In this region, there are rare lichens [48] and dead trunks that have fallen into the river. They create habitats for many plants and animals [49]. In the southern part of the Babi Dół gorge, landslides disturb water conditions and create a specific environment that significantly increases biodiversity.





2. Materials and Methods


Various research methods were used depending on the applied research scale (Table 1). Primary data were mainly used in this study. A field survey was conducted between January 2019 and January 2023. For the selected Rutki landslide, piezometers and inclinometers were installed. Secondary data (old maps, geotechnical documentation, and precipitation data) obtained from different sources were collected and reinterpreted as well. The selected data made it possible to perform numerical, spatial, and statistical analyses.



2.1. Analysis of the Rutki Landslide


The Rutki landslide (Figure 1—landslide 2) was studied in detail. Archival materials were used for the landslide’s description and analysis, including situation plans and topographic as well as geological maps from the 19th and early 20th centuries [37,50,51,52,53]. Secondary data from geotechnical documentation from the early 21st century [38,54] were reinterpreted. The Rutki landslide has been observed since the 13 January 2019. The geomorphological surveys and analysis of archival materials allowed for the reconstruction of the old landslide and the main sliding surface.



Furthermore, observations of water levels in the Radunia River carried out between 1995 and 2020 and precipitation data from between 2005 and 2020 provided by Energa SA Group were taken into account. In order to determine the depth of the groundwater table, piezometric monitoring using four shallow piezometers (P1, P2, P3, P4) to a depth of 4 m (since September 2019) and two deeper piezometers (RP1, RP2) to a depth of 24 m (since October 2021) has been carried out. To determine the magnitude, rate, direction, depth, and type of landslide movement, measurements of the underground displacement of slopes using two inclinometers (RI1, RI2) via an RST MEMS digital inclinometer probe with a measurement interval of 0.5 m have been carried out since November 2021. The entire apparatus consists of a probe, a heavy-duty control cable wound onto a slip-ring reel, and KLION software (SISGEO, https://www.sisgeo.com/company.html; accessed on 10 January 2023).



The geological structure of this area was determined primarily on the basis of a newly drilled borehole (up to 24 m) and a formerly drilled borehole (whose details were obtained from secondary data) (up to 60 m). Finally, a geological cross-section for the Rutki landslide was drawn to better understand the morphology and to reveal the underlying geology.



To illustrate the characteristics, parameter measurements, and track changes in the dynamics of displacements in the Rutki landslide, two airborne-laser-scanning (ALS) datasets and one terrestrial-laser-scanning (TLS) dataset were used. ALS and TLS make it possible to create high-resolution digital terrain models (DTMs) and perform multi-temporal analyses [55,56]. The first ALS ISOK (Pol. Informatyczny System Osłony Kraju) dataset comes from the open source digital dataset of the National Geodetic and Cartographic Resources (https://www.gov.pl/web/gugik; accessed on 10 January 2023) and was collected on 6 April 2012 with a Leica ALS70 laser scanner. The second TLS was collected on 12 November 2019 and was acquired manually by the Polish Geological Institute–National Research Institute using a Riegl VZ400 scanner. The third ALS dataset was acquired on 23 November 2021 by MGGP Aero company (https://www.mggpaero.com/en/company.html; accessed on 10 January 2023) using a Riegl VQ-480I scanner. The DTM made it possible to acquire landslide profiles at three time intervals.



As part of the analytical studies, the landslide process in Rutki was simulated using the FLAC2D (Fast Lagrangian Analysis of Continua) computer program based on the finite difference method (https://www.itascacg.com/software/flac2d; accessed on 10 January 2023) [57]. For the modelling of large displacements and for the observation of the landslide shape changes during movement, Lagrange formalism was adopted in simulation. The program employed calculates stress and deformations (displacements) in two dimensions (2D), determines the state (elastic, plastic), failure mode (shear, tension) in each zone or in the nodal point.




2.2. Susceptibility Assessment of the Central Radunia Valley


The first step was to confine the research area to one geomorphological element, i.e., a homogeneous section of the river valley entrenched in lowlands (Figure 1). The corresponding analysis was limited to the sander area on either side of the river, approximately 500 m from the upper edge of the valley. Geomorphological mapping was performed to develop an inventory map of landslides and identify the mechanism of landslide movement. In the interpretation of the landslides, shaded models of the terrain surface (hillshade) and topographic attributes generated from high-resolution (0.5 × 0.5 m) LiDAR (Light Detection and Ranging) data from 2012 were also prepared. Based on the digital elevation model (DEM) analysis and field work carried out between 2019 and 2020, a map of landslides with a scale of 1:5000 was developed, and it served as the primary source of information for susceptibility assessment. Only active landslides were taken into account in the analysis.



A training sub-dataset and thematic maps were used to develop a training model, while another (testing) sub-dataset was used for validation. As stressed by Chung and Fabbri [58], random partitioning is a mandatory step in prediction modelling. Firstly, the landslide dataset (100% including 44 active landslides) was divided into training and validation sub-datasets, covering 70% and 30% of all active landslides, respectively (Figure 1). Secondly, the landslides were presented as a grid of points marked every 10 m. In total, 847 points were used. The same number of points was selected randomly from the landslide-free area [59]. Landslide inventory and 25 conditioning factors were prepared for susceptibility modelling (Table 2).



The research considered geological, geomorphological, hydrological, and anthropogenic predisposing factors (Table 2). All geo-factors were obtained via the further processing of the original data.



Geomorphological and hydrogeological factors were calculated from ALS ISOK datasets. The point density within the ALS-based point cloud was 4 points/m2. The new aspect proposed in this study is the use of a modified digital elevation model (MDEM), which allows for the inclusion of the extent to which buildings influence the runoff of water in the model. The first ten topographic attributes were calculated from the DEM, while the rest were calculated from the MDEM (Table 2). The NDVI index was prepared based on SENTINEL-2 satellite imagery with a scale of 1:10,000 from 14 June 2020 (Table 2). A land use and land cover map was prepared using the topographic object database, the DEM and aerial photos. The lithology layer was developed by generalising geological formation from a detailed geological map with a scale of 1:50,000 [33,34]. In order to refine geological boundaries, the DEM, up-to-date drilling data, and field surveys were used. The resolution (pixel/grid size) of all the raster maps used in the analysis was 1 × 1 m. Then, the classification and regression trees (C&RT) were calculated to assess the importance of individual conditioning factors. To identify factors that were overly correlated with each other, principal component analysis (PCA) was performed, for which a variable correlation matrix was used (TIBCO; https://docs.tibco.com/data-science/textbook; accessed on 10 January 2023).



Landslide susceptibility maps were developed using logistic regression. This multivariate statistical method is a standard statistical model for LS assessment [20,60,61,62,63,64,65]. The LR method was selected because of its greater reliability compared to other methods of susceptibility assessment; this aspect has been confirmed by many results of verification using ROC curves [66,67,68]. Furthermore, considering other studies on young morainic areas [20,69], it is expected that these models are suitable for achieving highly accurate landslide modelling at the regional level. This method is based on the following formula:


   P     =   1   1 +   e   − z       



(1)







In Equation (1), P is the probability of a landslide’s occurrence and varies from 0 to 1 on an s-shaped curve, while z represents a linear logistic model and varies from −∞ to +∞. The linear logistic model was defined as


z = β0 + β1X1 + β2X2 + … + βnXn



(2)







In Equation (2), β0 is the intercept of the model (constant), n is the number of independent variables, βi (i = 1, 2, 3, …, n) is the regression coefficient of the model, and Xi (i = 1, 2, 3, …, n) is the independent variable [63,70]. Validation of the predictive model is a crucial step in landslide susceptibility mapping [71]. The performance of the susceptibility model was evaluated using the success and prediction rate criteria developed by Chung and Fabbri [58]. The areas under the curve (AUC) of the success rate curve (SRC) and prediction rate curve (PRC) plots are a quantitative measure used to estimate a model’s quality [58,72]. The AUC for SRC represents the ability of a susceptibility model to reliably classify the occurrence of existing landslides, whereas the AUC of PRC explains the capacity of a proposed landslide model to predict landslide susceptibility [73]. The following programs were used to calculate the conditioning factors of landslides and perform the landslide susceptibility analysis: SAGA 7.9.0, ARCGIS 10.3.1, Global Mapper 18.0, and Statistica v.13.0.





3. Results


3.1. Landslides in the Central Radunia Valley


Until this study, landslides in the Central Radunia Valley have not been the subject of wider scientific consideration. During the field surveys, 73 landslide forms with a total area of 286,800 m2 were identified in the research area. About 60% of them have been active in recent years, with their activity manifesting in the form of broken or fallen trees and distinct river abrasion caused by the undercutting of slopes. All landslides were characterised by steep slopes (20–66°). The vast majority of them covered the entire slopes from their upper edge to the bottom of the valley. Mass movements were retrogressive, and they caused the recession of the upper edges of the slopes. The largest landslides affected an area of 10,000–20,000 m2. However, smaller landslides, with a surface area equal to 200–300 m2, were more prevalent. The average size of a landslide was 3900 m2 (median = 2100 m2). The main scarps were quite distinct and varied in height from 1 to 6 m. Most of them occurred in the concave banks, and this can be associated with the presence of toe erosion.



The slope failures in the study area were classified during field surveys considering material and movement type based on the modified Varnes’ landslide classification [74,75,76]. Earth (soil) slide, earthflow (wet and dry), or combined complex earth slide and earthflow were predominant (Figure 2).



The active character of the landslides in this area was noticed in the 19th century. In the situational plan of the Radunia River, the chevrons mark the fragments prone to slope movement [52]. Furthermore, the previously used geoengineering solutions indicate that as early as in the 19th century, builders and engineers were already aware of the presence of landslides. In the area of the truss bridge built in 1886, there is a structure directing the flow of water along the slope (Figure 2a) (similar solutions have been applied today to stabilise the landslides in Borkowo and Rutki (Figure 2d,f)).



Then, in 1910, during the construction of the hydroelectric power plant in Rutki, active landslides were observed in the area of the artificial reservoir, which were documented by archival photographs available in the power station. Subsequently, field work carried out in the area in the second half of the 20th century indicated mass movements [27]. Interviews with the local residents showed that landslides had been occurring there ‘as long as they remember’, e.g., in 1980, a landslide in Borkowo (in the area of today’s kayak mooring) occurred, destroying the road and reaching the river.



Reviews of the documents and several site visits conducted between January 2019 and November 2022 indicated that mass movements in the Radunia Valley had been activated many times. There had been several landslide activation periods in this area: in April 2013, August 2013, and January 2019 (Figure 2b,c,e). These landslides caused significant damage to infrastructure (the destruction of the local and national road as well as breaks in and disruptions to the operation of the hydroelectric power plant in Rutki). They had a destructive effect on not only infrastructure but also the natural environment (consisting of the pollution of the river and the devastation of trees).



The April 2013 landslide (Figure 2b) was associated with the exploitation of the aggregate in the gravel pit. Near the upper edge of the valley in the central part of the research area near Nowy Glińcz, a deep mining pit was made. The pit then filled with rainwater, resulting in flows that partially filled the gorge with sand and silt. At that time, three earthflow fans, which silted the power plant reservoir, were documented in the river bed. Another landslide that damaged the local road occurred in August 2013 (Figure 2c). During the reconstruction of the road in 2010, an artificial depression was created, causing the accumulation of rainwater. This may have contributed to the change in the direction of groundwater runoff and the activation of the landslide. The Rutki landslide, described in detail in this paper, occurred in January 2019 during horizontal-borehole-drilling activities (Figure 2e).




3.2. An Example of Anthropogenic Causes of the Rutki Landslide


3.2.1. Description of the Landslide’s Development and Structure


The date of the formation of the landslide in Rutki is not known, but old maps indicate that gullies existed there in the early 19th century (Figure 3a) [50,51]. In the second half of the 19th century, a small landslide was active on the outer side of the river’s meander (Figure 3b) [52]. By the early 20th century, mass movements and linear erosion overlapped (Figure 3c) [37,53]. The analysis of old maps [37,51,52,53], geotechnical documentation [38], and the current field surveys indicated that there were multiple changes in the outflow of surface water, groundwater, and the location of springs associated with the anthropogenic changes in land use and the appearance of landslides (Figure 3 and Figure 4).



At the beginning of the 20th century, a watercourse flowed through the area of the present landslide (Figure 3c). During the construction of the Coal Trunk-Line in the Rutki area between 1926 and 1933, a track bed was drained, which allowed for targeted flow and the infiltration of water into the ground. In an attempt to drain the area, a culvert was built to the north of a previously existing gully with a periodic watercourse [37,51,53] and also in the vicinity of the present main scarp of the landslide (Figure 3c and Figure 4). Furthermore, concrete rings were put in, through which water flowed into the river. Over time, intensive sedimentation processes resulted in the culvert being clogged.



In 1910, 200 m south of the village of Rutki, the aforementioned power plant started operating. The hydroelectric reservoir retained the sediments. The water flow, which was free of sediments, had greater energy and caused increased erosion on the left, concave bank behind the power plant. As evidenced by an interviews with the inhabitants, an older Rutki landslide had been reactivated in this area in the 1970s.



The Rutki landslide reactivated on 10 January 2019 at 3 p.m. (Figure 1—landslide 2; Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9) (more photos of the landslide in Rutki can be found at https://www.pgi.gov.pl/gdansk/projekty-krajowe/osuwiska-doliny-raduni.html; accessed on 10 January 2023). Precipitation did not have any influence on the initiation of the landslide, as in the period directly before its development between the 7th and 10th of January 2019, a precipitation level of 4.6 mm was registered at the meteorological stations in Rutki. The main triggering factor consisted of phenomena related to the drilling of a borehole on 10 January 2019. On the day of the failure, horizontal drilling was performed during the installation of an underground power line between the plant and the village of Borkowo (Figure 4). In the area of the present landslide, the drilling was carried out at a depth of 2–3 m, and the drilling diameter was 30 cm. On the day of the incident, this drilling pierced the receiving chamber (Figure 3 and Figure 7a).



The initiation of the landslide was preceded by a noisy crash, followed by a landslide movement of approximately several meters per second (the whole process lasted only several seconds). Before the slide, an uplift was observed in the upper part of the slope surface. The uplift produced the rotational shape in the upper part of the slide. Evidence (the drillers’ accounts) indicates that the landslide developed from its crown (main scarp) and moved towards the river (Figure 5). As a consequence of this movement, the surface was folded and undulated. These folds were successively denuded by flowing water over several days. The heavily hydrated soil masses finally reached the river (Figure 7b). Preventive measures were immediately implemented to prevent the formation of a dam by the soil. The landslide resulted in damage to the road constructed of concrete slabs, two electricity poles, a van, a power-generating unit and several other things (Figure 7b).



The dimensions of the landslide are given in Table 3. According to the modified Varnes’ landslide classification [74,75,76], it can be described as a complex earth slide and earthflow.



The Rutki landslide is an example of the influence of anthropogenic factors on movement initiation and progression. However, the original causal factors that governed the landslide’s development were complex, among which topography, hydrology, and hydrogeology are the most essential.



The water level fluctuations were relatively significant, which was related to the alpine character of the Radunia River. The average water level in the 1995–2020 timeframe amounted to 117.97 m a.s.l., but water fluctuations in the Radunia River reached 1.79 m. The highest daily level (118.80 m a.s.l) occurred on 16 July 2017, while the lowest (117.01 m a.s.l) was recorded on 14 January 2004. Sudden fluctuations resulted from the alternating emptying and filling of the water reservoir of the power plant.



It is noteworthy that the geological structure was prone to landsliding (Figure 5). The slopes in the area of the landslide were steep (22–40°), which is related to the unique glacial origin of this area. The Central Radunia Valley is built mainly of low strength strata, i.e., non-cohesive soils. The slope in the area where the landslide occurred was composed of medium- and fine-grained sand, fine gravel, and boulders of glaciofluvial origin from the Weichselian glaciation. The thickness of this stratum in the old landslide body (colluvium) was more than 8 m (Figure 4, RP1); 50 m south of the landslide, it exceeded 24 m (Figure 4, RP2). In the vicinity of the river, there were fluvial sediments composed predominantly of sands and gravels interbedded with organic silts and peats of the Holocene. Within the fluvial sands, there were layers of organic silts (Figure 5). Thin, silty strata were closely associated with the sliding surface, which was listric (curved or spoon-shaped).



Previous borehole investigations (drilled before the catastrophic 2019 failure) indicated the presence of a pressurised groundwater system bounded by impermeable layers [38]. The underground water table lay at a relatively shallow depth and had an artesian character (Figure 5). Organic silts that occurred at a depth of 1.5–3.30 m b.g.l and peats that occurred at a depth of 0.5–1.3 m b.g.l formed an aquitard that confined the groundwater zone (Figure 5).



The analysis of geotechnical documentation [38] and the current field surveys indicate multiple changes in the location of the springs after the reactivation of the landslide in 2019 (Figure 4). After the failure, new ponds and springs formed on the slide. Moreover, the soil mass was considerably hydrated (Figure 2e, Figure 6 and Figure 7b). New springs were created in the slope (springs 2 and 3, Figure 4). However, the two newly formed springs (springs 2, Figure 4) existed until the landslide was stabilised; March–May 2020). During the field survey (7 February 2019), a short-term appearance of two springs was also observed within the main scarp. The springs, however, disappeared after a few weeks (springs 3, Figure 4).



Some evidence, such as new outflows from the main scarp and the widening of the damaged space above the crown, suggests that the landslide developed slowly after reaching temporary stability. In the period between January and September 2019, the retrogressive evolution of the main scarp was observed (Figure 7d). This enlargement of the landslide was mainly related to short gully erosion (about 10 m long) above the main scarp and along the slightly steep road (Figure 4 and Figure 7d).



The difference between the original and final (landslide) surfaces can show the type and mechanism of mass movements (slide-flow) (Figure 8 and Figure 9). On the upper part of the slope, the rotational slide induced a concave shape of the final surface, while in the lower part, it inclined from 0 to 6° towards the river, and the shape of the surface was convex or almost linear. The significant difference between the volume of the material in the upper and lower parts of the landslide (Figure 8) can be explained by the phenomenon of soil detachment from the riverbed (Figure 7b).



Following the formation of the landslide, groundwater monitoring via four piezometers has been carried out since 23 September 2019 (Figure 4). Measurements that were carried out until February 2020 showed a groundwater level to the north of the main scarp at an average depth of 3.63 m, 1.34 m in the eastern part, and 0.47 m in the toe in the immediate vicinity of the Radunia River. In March 2020, the stabilisation of the landslide began. This included drainage and the restoration of the culvert (Figure 2f and Figure 7d). As a result, there was a significant drop in the groundwater level in the area of the landslide, e.g., in the case of piezometer 4, the groundwater table dropped, on average, by 0.46 m (max. 0.60 m). After the stabilisation of the landslide (Figure 2f, Figure 8 and Figure 9), higher groundwater fluctuations, ranging up to 0.31 m, were observed only in piezometer RP1.



The western, older part of the Rutki landslide currently monitored by inclinometer RI1 and piezometer RP1 matches the area active in the 19th century (Figure 3b). Inclinometric measurements that have been carried out since November 2021 show that within the unprotected older part of the Rutki landslide (inclinometer RI1), there is a creep up to a depth of approximately 2 m with a velocity of about 0.5 mm/month (Figure 10a,b).



Groundwater (piezometer RP1) occurs here at a depth of about 3 m (Figure 4 and Figure 10). Creeping occurs most rapidly during the winter and the early spring period, ranging from January to April. During this period, higher groundwater and higher river water levels occur as well (Figure 10b). No changes were observed for the second inclinometer (RI2), where groundwater occurs at 21 m (piezometer RP2; Figure 4).




3.2.2. Numerical Analysis of the Landslide’s Development


Elaboration of the Landslide Model


Geomechanical and numerical models were constructed, and the landslide process was simulated [57] for the cross-section of the original slope (Figure 8). The models were divided into finite element zones (Figure 11), and meshes were created in consequence; examples of Model I and Model II are shown in Figure 12.



The slope in Rutki is composed of sand, i.e., homogeneous soil without cohesion. Originally it was stable. However, water accumulated in the uppermost zone of the slope (Figure 12) as it was pumped into the borehole during the horizontal boring. The water infiltrating into the soil caused a sudden increase in pressure. The solid ground became liquefied by the saturation with water, and the soil behaved like a liquid, exhibiting almost no shear strength (so-called quicksand).




Results of the Landslide Simulation


As the Lagrange approach was used, large displacements are visible as a result of progress in the numerical simulation process. The landslide movement was not stabilised in the iteration procedure but was stopped in an arbitrary way. Some characteristic processes and deformations can nevertheless be observed. Furthermore, a slide in the upper part of the slope appeared. Two slide zones, both in Model I and II, are depicted in Figure 13a,b.



The first slide zone in both Model I and Model II is approximately in alignment with the location of the silt layer and the probable main sliding surface (Figure 5).



A very significant change of the slope shape resulting from the movement can be observed when the displacement field is rendered more prominent via double multiplication (Figure 14). The execution of further numerical simulations was impossible due to numerical constraints.



Figure 14 shows that a large displacement appeared on the upper part of the slope.



However, in the more advanced stage of the slide, the soil can move continuously and cover the lower part of the slope, lying between coordinate X = 50 ÷ 60 m and the river (see Figure 14b).






3.3. Landslide Susceptibility Map of Central Radunia Valley


3.3.1. Relationship between Landslide and Conditioning Factors


The Rutki landslide is one of many landslides in the Central Radunia Valley that have been active since at least the second half of the 19th century (Figure 3b). However, they have not been investigated so far. This study has analysed the relationship between twenty-five conditioning factors and landslide occurrence (Table 2; Figure 15).



The C&RT method makes it possible to determine the role of individual causal factors. The influence of all the analysed conditioning factors on mass movements in the Radunia Valley as determined using the C&RT method is presented in Figure 16.



In the modelling of the landslide susceptibility of the Babi Dół gorge, the most significant geo-environmental variables were the topographic attributes (such as slope angle, TRI, SCS, SMUA, and LS) and the hydrological parameter (STWI) (Figure 16). The results reveal that the slope angle factor is the most influential factor indicating the occurrence of landslides (Figure 16).



The land use and land cover factor ranks 12th (Figure 16), with only the forest class being statistically significant (according to the Wald test, p < 0.05).



The interaction between landslide occurrence and LULC is shown on the graph, where the points represent landslide bodies and non-landslide areas used in the GIS analysis (Figure 17). Most of the points representing landslides and that are used in the analysis are located in forested areas (830 points, amounting to 97.99% of all the landslide points used in the analysis). It is noteworthy that lithology (ranked 21st) and aspect (25th) are not significant (Figure 16). A homogeneous geological structure was a minor factor in statistical analysis, but it favours the formation of flows and complex landslides. Most landslides occur in sand and gravel of fluvioglacial origin (715 points, amounting to 84.42% of all the landslide points used in the analysis) (Figure 15i and Figure 18).



These are also the most common geological sediments in the research area; they occupy 75% of the study area.



Moreover, this result is also confirmed by field studies, as the landslides formed mainly in fluvioglacial sands.




3.3.2. Logistic Regression Model


Landslide susceptibility is determined by considering the interplay between landslide occurrence and the impacts of factors that induce instability. Various combinations of instability factors were used in assessing landslide susceptibility via the LR method.



Different indices have been used to evaluate the performance of a susceptibility model [19]. In this study, to measure the performance of the landslide susceptibility prediction models, their prediction performance was evaluated using model-fitting techniques. The statistical landslide susceptibility models of the Radunia Valley were compared using SRCs and PRCs (Table 4). The SRC and PRC curves for the two chosen models are shown in Figure 19.



In the first stage of susceptibility modelling, all 25 conditioning factors (Table 2, Figure 15) were used. For Model 1, the SRC AUC value = 94.52%, and the PRC AUC value = 93.65% (Figure 19, Table 4). The AUC values > 90% are typical of a model with excellent ability [78].



In the LSM modelling of the Central Radunia Valley using LR, the most significant geo-environmental variable was slope (Figure 16). Therefore, in Model 2, only the strongest factor, i.e., the slope, was taken into account. For Model 2, the SRC AUC value = 87.84%, and the PRC AUC value = 85.34% (Figure 19, Table 4). A model is considered reliable if its AUC values are higher than 70% [78].



Model 3 uses only variables that are significant (according to the Wald test, p < 0.05) and not overly correlated with each other. The choice of predictive variables (factors) was carried out by forward stepwise approach. This model does not take into account qualitative variables. In order to determine the collinearity of the variables, i.e., the grouping of predictors in terms of similar features, PCA was performed (Table 5).



As a result of the findings yielded by Model 3, seven conditioning factors were taken into account, i.e., slope, VD, SH, MDEMI, TPI, NDVI, and MDEM. For Model 3, the SRC AUC value = 91.80%, and the PRC AUC value = 87.33% (Table 4).



In the next stage of susceptibility modelling, only the best eight conditioning factors, i.e., slope, TRI, SCS, SMUA, LS, STWI, SH, and VD, were used. For Model 4, the SRC AUC value = 89.25%, and the PRC AUC value = 87.87% (Table 4).



The results of the subsequent LR modelling are not included in this paper as they yielded intermediate results with respect to Models 1 and 2. None of the models that took into account different variables (e.g., independent variables, variables not overly correlated) after verification were better than Model 1.



The final landslide susceptibility maps of the Central Radunia Valley (with a scale of 1:5000) created using calculations obtained via the LR technique and different sets of instability factors are presented in Figure 20. The first map was created using all 25 conditioning factors (Model 1) whereas only the slope (Model 2) was taken into account in the second map.



Model 2, due to the fact that only the slope was considered highly susceptible includes many infrastructure elements (roads, railroads), where mainly sheet and rill erosion can occur. On the other hand, Model 1 was created by considering the interactions of a greater number of factors; thus, it provides a more realistic picture of landslide susceptibility.






4. Discussion


Susceptibility prediction models help to forecast the future processes in a study area. Numerical modelling based on the geomechanical approach, on the other hand, makes it possible to determine the mechanism of a landslide’s formation, its causes, and the depth of the slide zones. Cross-disciplinary studies complement each other and allow for a deeper recognition of the causes and mechanisms of landslide formation. To date, however, such comprehensive studies have rarely been undertaken [79]. There has also been no discussion of the usefulness of other methods (e.g., numerical analyses, geological analyses) in verifying the role of conditioning factors calculated using statistical methods.



4.1. Landslide-Triggering Factors


Landslides in the Central Radunia Valley can be triggered by natural physical processes such as the undercutting of a slope on the outer side of a river meander and heavy rainfall. Moreover, landslide activation and deactivation are a combination of natural and anthropogenic processes. Precipitation > 100 mm/day can trigger landslides in the study area. These amounts of rainfall have activated landslides in Gdańsk and Gdynia (about 30 km from Rutki) [80]. According to Starkel [81], short-lasting downpours with a small spatial extent, amounting to 20–150 mm, and with a high minute intensity (approximately 2–4 mm/min) initiate the formation of flows. Due to the area’s geological structure, i.e., the presence of sands and gravel of fluvioglacial origin (they occupy 75% of the study area), earthflows in the Radunia Valley are a common type of mass movement. A landslide of this type occurred in 1980 in the area of today’s kayak mooring in Borkowo. In 1980, there was intense (higher than average) rainfall, totalling 868 mm/year [30,31]. Landslides in the northern part of the Central Radunia Valley can also be generated by human activities such as slope excavation and land cover changes redirecting rainfall runoff in such a way that the flow is concentrated (Figure 2b,c) [82]. In the northern part of the study area, human activity has a large impact on the formation, activation, and reactivation of landslides.



In 2019, the Rutki landslide was reactivated during the horizontal drilling of a borehole. As regards the site, the initiating nature of horizontal drilling was indicated, which, so far, has not been considered an anthropogenic triggering factor influencing the formation of landslides. Triggering factors such as intense precipitation, volcanic eruptions, and earthquakes have often been discussed in the literature [83,84]. Anthropogenic factors, which include undercutting, slope gradient changes, ill-considered logging, fire-removed vegetation, reductions in infiltration and retention areas, and uncontrolled runoff along road surfaces, are frequently referred to in the literature [20,80,85,86,87]. A landslide that formed during seismic profiling in the vicinity of Lake Brzeźno (northern Poland) was also noted [88,89]. According to an experienced driller, drilling-activated landslides might have occurred as well. In the case of Rutki, it is hypothesised that vibrations and the pumping of water into the borehole led to the weakening of the sand and its transition into sandwater flow. This could have caused the disruption of the continuity of natural underground waterways. The route of the horizontal drilling and the change in the location of the springs (after activating the landslide; Figure 4 and Figure 5) indicate that the borehole was drilled into the aquifer. This resulted in a change in the outflow of groundwater. Hypothetically, this might have caused the fusion of aquifers that were not in hydraulic contact or the fusion of privileged groundwater flow paths. It also seems that the confined groundwater zone plays a role in controlling slope failure in Rutki. According to Jiao et al. [90], a confined groundwater flow regime, in connection with triggering factors, results in a significant reduction in slope stability.



New ponds and springs formed on the slide after the failure (Figure 2e, Figure 4, and Figure 6), indicating the retention of water (creating a kind of underground water reservoir under temporary pressure) and its sudden relaxation as a consequence of the fast opening of the waterways for unrestrained flow down the slope. According to Montgomery and Dietrich [91], channel initiation is influenced by landsliding. Periodic, small-scale, shallow landslides on steep slopes can create a topographic depth where subsurface flow can begin to exfiltrate [91].



The process of boring resulted in the groundwater outflow change, or the water was retained as the underground outflow was blocked by the bentonite. The drillers used bentonite to stabilise the borehole walls. Swelling bentonite forms a highly impermeable barrier [92] that might have blocked the flow of groundwater, and its rapid release might have activated the landslide. The close proximity of the railway line and the road is also significant for this landslide. Vibrations caused by traffic have a negative impact on the stability of non-cohesive soils.




4.2. The Role of Causal Factors in the Formation of Landslides


Susceptibility prediction models play an important role in establishing the relationship between landslides and their causal factors. In the current study, the best susceptibility model was obtained using a large number of causal factors, i.e., 25, which suggests that many different factors influence susceptibility in lowlands (young morainic areas). This is confirmed by the results of previous susceptibility assessments in lowland areas: Gdańsk and Gdynia [20,69] and the Lower Vistula Valley [93].



Current studies indicate that not all important and identifiable factors can be included in susceptibility assessment. One of the most important factors is hydrogeological conditions. The reconstruction of the Rutki landslide using geological cross-sections and numerical methods confirms the great importance of groundwater level conditions. A lack of a sufficient number of boreholes, poor hydrogeological reconnaissance, and the diversified and time-variable location of the first aquifer made it impossible to compile an accurate hydrogeological map that could be included in the GIS analysis. The importance of hydrogeological conditions is also indicated by field observations and the groundwater level measurements taken by piezometers. In this context, the description of the role of causal factors purely based on GIS layers [94,95,96] might sometimes seem ambiguous.



Moreover, in the analysed area, the first aquifer has a dynamic character. Changes in the location of groundwater flow paths connected with the rising or lowering of the groundwater table (also resulting from changes in surface water conditions) and changes in the locations of springs may play an important role. Anthropogenic activities also contribute to this state, which was evident when comparing the results of archival geotechnical documentation with the current results of field surveys (Figure 4 and Figure 5). The changeability of hydrological conditions is also evident in past and present maps. For example, the former watercourse in the Borkowo area, marked on the Messtischblatt map from 1900 [53], is currently dry and partly built-up (railway embankment and a culvert) (Figure 3 and Figure 7c). However, in the anthropogenically unchanged part, STWI and FPL reflect the former water flow paths (Figure 15d,e).



Geological structure is always included in GIS analyses and is usually relevant [61,65,93]. In the susceptibility analysis of the Central Radunia Valley, the area’s geological structure was deemed insignificant. This is due to the fact that the study area is dominated by sands. However, boreholes reveal a more compound glacial stratigraphic architecture (Figure 5). In young glacial areas, complex geological layering (the presence of low-strength data) has the greatest influence on landslides [93]. The position and thickness of low-strength strata act as a first-order control factor affecting landslide volume and groundwater flow [97]. In the Rutki landslide, complex geological layering also has an impact on hydrological conditions (Figure 5).



In the case of the Central Radunia Valley, there is a lack of data on the area’s deep geological structure due to the small amount of drilling conducted in the region. Moreover, field surveys have shown the influence of the surface geological structure on the type of landslide that occurs (slides and flow). Sands are highly sensitive to water, and only a small increase in water content would be enough to liquefy this material. This type of geological structure (with a predominance of sand) and shallow groundwater levels have an impact both on the large number of shallow landslides occurring here and the mechanisms of their formation. Subsequently, sands are less resistant to rill and gully erosion [98]. In the Rutki landslide, in the past as well as now, mass movement and impermanent gully erosion have overlapped (Figure 3c and Figure 4). This result was further confirmed via GIS analysis. The significant impact of STWI and FPL on mass movement in the Central Radunia Valley (Figure 15 and Figure 16) reveals that flows, rill, and gully erosion can play a significant role in a study area. The high STWI value also corresponds with the gully erosion observed after landslide reactivation in 2019 (Figure 4, Figure 7d and Figure 15d). According to Persichillo et al. [99], the investigation of the most important predisposing factors could lead to the broadening of the knowledge about the mechanisms regulating landslide occurrence.



An important problem in susceptibility mapping consists of the interrelationships between conditioning factors [100,101]. Multicollinearity arises when at least two highly correlated predictors are assessed simultaneously in a regression model. In the case of the Central Radunia Valley, many factors calculated using DEM are correlated, as clearly shown in the correlation and PCA analyses (Table 5). However, the inclusion of different sets of independent data in the model did not allow for the optimisation of the model. In the Radunia Valley, shallow rain-induced landslides occur. The slip surface depth usually does not exceed 2–4 m, and the shape of this surface corresponds to the ground surface. Such landslides are mostly influenced by the geometry of slopes. Therefore, the phenomena and processes occurring on the ground surface can significantly influence landslide susceptibility. Topographic attributes are frequently used as surrogates of physical processes [102]. Some of them have a significant influence on the activation of shallow landslides. The most important of these attributes include surface runoff, fluvial erosion, and solar input (Figure 15d–g). Current research suggests that including correlated data in LR models can even improve prediction performance. However, in cases where it is vital to accurately explain the role played by the variables entered into the model [103,104], introducing only independent variables into the LR prediction model is justified. Moreover, multicollinearity in logistic regression does not adversely affect the overall fit or predictions of a model [104]. In the susceptibility assessment of the Central Radunia Valley, very important factors (i.e., the role of groundwater and complex geological layering) have been omitted in the analysis. The great importance of these two factors for young glacial areas has been shown in previous studies [20,93]. Including STWI, which indicates the spatial distribution and extent of saturation areas [102], improves prediction results. Another important element is insolation (DSMI and MDEMI in Figure 15f,g), which affects humidity and evaporation. This can be explained by the fact that in the LR method, omitting an important factor in the model specification process can worsen the results [70].




4.3. The Roles of High-Resolution DEMs and Modified DEMs in Susceptibility Assessment


Currently, an important tool for use in landslide studies is a high-resolution DEM [56,105,106,107]. LiDAR or laser scanning can provide high-resolution topographic information [13]. Topographic attributes developed using a DEM play an important role in the modelling of landslide formation as they depict various geomorphological and hydrogeological processes. The usefulness of topographic attributes in susceptibility analyses has been highlighted by various authors [19,20,59,69,87,95,96,108]. Susceptibility assessments are conducted on a global, European, national, and local scale [93,109,110,110,111]. Westen et al. [112] distinguished medium from large and detailed scales of susceptibility assessment analysis. The selection of the scale of analysis is usually determined by the intended application of the mapping result [113]. Additionally, the analysis scale has a substantial influence on the results of the model in question [114]. Grabowski et al. [91] argued that a small scale does not always produce correct results. For local spatial scale studies, more accurate predisposing factors (in terms of map scale or spatial resolution) should be used [72]. According to Polykretis et al. [114], spatial resolution constitutes a key factor in the accuracy of an LS assessment, and the optimal size of grid cells depends on the size of the study area. However, it is worth noting that DEMs used for modelling susceptibility with small scales are highly generalised. Resolution (ranging from a maximum of 1 m to a minimum of 100 m) has a significant impact on the accuracy of digital elevation models [115]. The most serious errors affect slope angle; therefore, models with the highest possible resolution, no less than 10 m, should be used [115]. Slope is the most influential and essential parameter of landslide susceptibility; thus, a high-resolution DEM is crucial. According to Polykretis et al. [114], a detailed scale analysis is more appropriate for landslide susceptibility assessment in the Northern Peloponnese (Greece). Equally, the use of a regional scale in a river valley entrenched in a lowland plateau is better, as it allows for the preparation of a susceptibility map taking into account the local specificity [93]. Landslide susceptibility mapping with large and detailed scales has been carried out on several successful occasions. Zêzere et al. [72] made landslide susceptibility maps of the Silveira Basin (18.2 km2), for which a pixel size of 5 × 5 m was adopted. Persichillo et al. [99] made landslide susceptibility maps of the Rio Fate study area, which has a surface area of 1.9 km2, and the Vernazza study area, which has a surface area of 5.7 km2. The resolution (pixel size) of the input data used in the analysis conducted by Persichillo et al. [99] was 10 × 10 m. According to Persichillo et al. [99], a 10 × 10 m spatial resolution of input data is not very useful when taking into account all detailed terrain information and likely has a negative influence on the results. In the current study, a small area of the Radunia Valley (4.75 km2) was selected, and a detailed raster cell size of 1 × 1 m was used. The high-resolution DEM based on the LIDAR data used in our modelling approach allowed for high spatial resolution of topographic attributes and might have contributed to the very high values (AUC > 90%) of the SRC and PRC curves.



Furthermore, in this study, a DEM has been modified by adding buildings (MDEM). So far, DEMs revealing the surface of land without taking into account building infrastructure have been used. It would be advisable to use both of these models (a DEM and the MDEM) at the same time, as they are differently suitable for calculating topographic attributes (Figure 13). According to our research, it is better to calculate slopes based on a DEM (Figure 13). In the MDEM, slopes are also calculated for buildings, which may result in an overestimation of susceptibility for flat built-up areas. In contrast, the MDEM is particularly useful for calculating STWI and FPL, as it indicates changes in rainwater runoff associated with the infrastructure of buildings (Figure 15d,e). This is crucial in environments that are changing dynamically. Buildings increase the amount of impervious land cover, thereby reducing infiltration and increasing surface runoff [116,117].



The Radunia Valley susceptibility maps show some differences in the frequency of landslides in the northern and southern parts of the study area. In the northern part, there are fewer landslides due to significant anthropogenic changes, which include a large number of drains and other forms of engineering protection. However, landslide susceptibility in these areas is analogous (Figure 20). Furthermore, the maps show some differences between the left and right banks of the Radunia River. The left bank is characterised by much higher susceptibility. Additionally, the railway lines located on this side of the river are at risk (Figure 1), as some of the main slopes of active landslides are situated within several metres from the railway embankment. It should be noted that there are higher STWI values on the left side of the river along the railway embankment (Figure 15d). The accumulation of surface water on the western side along the left side of the embankment and the presence of landslides associated with the river valley on the right side of the embankment may pose a major threat to the railway line in the future. This is also important in the context of its planned expansion. On the other hand, in the northern part of the study area, new houses and housing estates have been built in the immediate vicinity of the Radunia Valley over the last few years. This new development produces additional loads, results in changes in landform, and impedes the infiltration of rainwater. These factors indicate a high risk for the northern section of the Radunia Valley; therefore, possible changes in land use planning should be considered.





5. Conclusions


This study attempted to analyse the mechanisms and factors contributing to shallow soil landslides in river valleys entrenched in lowlands based on the example of the Central Radunia Valley. The combination of the susceptibility analysis, field studies, and geomechanical modelling of the Rutki landslide clearly demonstrates the benefits of cross-disciplinary studies, which lead to the improvement of knowledge about landslides’ causal and triggering factors and landslide mechanisms. The aesthetic value and diversity of nature of the river valleys in the lowland areas of northern Poland make these areas attractive and likely to be sold for development. An assessment of landslide susceptibility in these areas is therefore particularly important for landslide risk reduction.



In this study, landslide susceptibility for the Central Radunia Valley was calculated using the LR method. It was determined that the most significant causal factor that affects the likelihood of a landslide is connected with geomorphological conditions. According to the results acquired using the C&RT method, the impact of individual topographic attributes, such as slope, TRI, SCS, SMUA, LS, SH, and VD, is greater than 0.5, while geological structure is one of the least important of the significant factors and its impact is less than 0.2 (21st place; Figure 16). This is because the area is dominated by sands and gravel of fluvioglacial origin (they occupy 75% of the study area). Almost 85% of landslides occur within these common geological sediments. The lack of the lithological differentiation of the soil reduces the statistical significance of this factor. The current study also showed that the greatest influence on landslide formation is the slope, and this one factor developed using a high-resolution DEM is sufficient to produce a reliable map (SRC AUC value = 87.84%; PRC AUC value = 85.34%). These results indicate that a preliminary susceptibility map can easily be developed for young morainic areas.



The Rutki landslide has existed since at least the second half of the 19th century and its formation and activation is linked to river erosion on the outer side of the meander (Figure 3b). From at least the beginning of the 20th century, the mass movements have been accompanied by linear erosion (gullies) above the main scarp (Figure 3c). The landslide was reactivated in January 2019. The description of the landslide process, confirmed mainly using advanced numerical simulations, clearly indicates the influence of the drilling of a horizontal borehole in the area of the future main landslide scarp (Figure 4 and Figure 7a). The water used while drilling hydrated the soil and thus weakened its stability. After the landslide formed above the main scarp, a gully (10 m long) was formed, causing growing of the landslide in the direction opposite to its own motion (Figure 4). The movement (rotational slide) begun in the upper part of the landslide (source area) and was continued by flow in the lower part (accumulation zone) (Figure 8). The numerical modelling conducted in this study indicates the presence of two slip zones that are 1–2 m thick. For Model I, two separate slip zones were visualised at depths of 2–3 and 5–6 m b.g.l (Figure 13a). In contrast, Model II showed two slip surfaces in contact with each other in the central part at depths of 2–3 and 3–5 m b.g.l (Figure 13b). The first slide zone (Models I, II) is approximately in alignment with the location of the silt layer. The landslide was partially stabilised in the spring of 2020, resulting in a lowering of the groundwater table (about 0.5). Since then, within the unprotected older part of the landslide, there has been downhill creep to a depth of 2 m, with a velocity of 0.5 mm/month (Figure 10a,b). Groundwater occurs here at a depth of approximately 3 m.



The numerical modelling and geological recognition of the investigated landslide’s cross-section additionally reveal a significant role of complex geological layering and the groundwater level (Figure 5 and Figure 12). It is important to note that in the study area, not all relationships between the conditioning factors and landslides can be represented using GIS-based statistical models. Limitations arise due to the lack of data and the dynamic, changeable characters of the processes that occur in anthropogenically changed areas. In the Central Radunia Valley, hydrological conditions in connection with the area’s geological structure also have a major influence on the type and mechanism of mass movements (slide-flow).
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Figure 1. Location of the study area. Abbreviations: SA—study area, B—the village of Borkowo, R—the village of Rutki, NG—the village of Nowy Glińcz, BD—the village of Babi Dół, LGM—the Last Glacial Maximum ice sheet extent, and Pm—the Scandinavian Ice Sheet limits during the Pomeranian Phase (the glaciation extent according to Marks, 2012). Selected landslides—location of landslides described in text; training and testing landslides—location of landslides used in GIS analyses. 
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Figure 2. Examples of landslides and engineering countermeasures for landslide disaster mitigation in the Radunia Valley. For more details on the locations, see Figure 1. (a) Landslide 3 near Borcz—old drainage channels, June 2020 (photo taken by Małka); (b) landslide 4 near Nowy Glińcz—an earthflow that developed due to water runoff from excavation, April 2013 (photo taken by Trojanowska); (c) landslide 1 in Borkowo—an earth slide and earthflow, February 2013 (photo taken by Cirocki); (d) stabilisation of landslide 1 in Borkowo, March 2022 (drone photo taken by Maciaszek); (e) landslide 2—an earth slide and earthflow in Rutki, February 2019 (photo taken by Małka); (f) stabilisation of landslide 2, June 2021 (drone photo taken by Maciaszek). 
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Figure 3. The Rutki landslide, indicated by three dark-blue arrows: (a) An old Schrötter topographic map with a scale of 1:50,000 dating from 1796 to 1802 (Berlin State Library, Berlin, Germany). (b) Radunia River situation plan from 1859. At that time, there was a watermill (Ger. Mühle) in the area of the current hydroelectric power plant in Rutki (State Archive in Gdańsk, Gdańsk, Poland). (c) An old topographic map, Messtischblätter, with a scale of 1:25,000 from 1900 (Berlin State Library, Germany) [50,52]. 
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Figure 4. Location of the Rutki landslide and springs documented between 2018 and 2023. Springs: 1—documented in 2018, 2—documented between 2019 and 2020 (until landslide stabilisation), 3—documented in February 2019, 4—documented between 2018 and 2020 (until landslide stabilisation), and 5—documented between 2018 and 2023. P1, P2, P3, and P4—piezometers to a depth of 4 m; RP1—piezometer at a depth of 7.9 m; RI1—inclinometer at a depth of 8.3 m; RP2—piezometer at a depth of 23.9 m; RI1—inclinometer at a depth of 24 m. 
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Figure 5. Schematic of geological cross-section (A–B) before 10 January 2019. Holocene: 1—river embankment, 2—sand, 3—gravel, 4—medium- and fine-grained sand, 5—humic sand, 6—peat, 7 and 8—organic silt, 9—fluvial sand, 10—fluvial gravel and sand; Pleistocene strata: 11—fluvioglacial sand and gravel. 
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Figure 6. View of the upper zone (main scarp) of the landslide (Photo Zabuski; 10 January 2019). 
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Figure 7. (a) Image of the area one hour before the landslide occurred. In the foreground—horizontal drilling receiving chamber; in the background—the hydroelectric power plant in Rutki (Photo TELWENT; 10 January 2019, 2 p.m.). (b) Inflow of soil into the Radunia River (Photo Zabuski; 10 January 2019). (c) Drainage blockade—a buried culvert under the tracks and a clogged concrete circle (Photo Małka; 7 February 2019). (d) Gully erosion above main scarp along the slightly steep road (Photo Sreberski; 12 June 2019). 
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Figure 8. The longitudinal topographic profiles of the Rutki landslide. Abbreviations: ALS ISOK (2012)—dataset acquired through airborne laser scanning from the ISOK project collected on 6 April 2012 (pre-slide slope); TLS (2019)—dataset acquired through terrestrial laser scanning collected on 12 November 2019 (shortly after the failure); ALS (2021) dataset acquired through airborne laser scanning acquired on 23 November 2021 (after the stabilisation). 
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Figure 9. The parallel topographic profiles of the Rutki landslide. For an explanation of the abbreviations, vide Figure 8. 
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Figure 10. Measurements of changes in landslide movement at inclinometer RI1 and piezometer PI1: (a) curves of cumulative displacement; (b) horizontal displacements, depth of groundwater table, and periods of high river water levels as functions of time. 
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Figure 11. Finite difference (FD) mesh of the Rutki landslide via FLAC2D software [57]. 
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Figure 12. Division of the model into layers: (a) Model I—water table above the slip surface, where the landslide thickness is greater; (b) Model II—water table below the slip surface, where the landslide thickness is smaller. 
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Figure 13. Two slide zones in the upper part of the slope at the time of failure: (a) Model I; (b) Model II. 
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Figure 14. Slope shape at the time of failure according to (a) Model I and (b) Model II. 
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Figure 15. Selected conditioning factors used in GIS analyses. Fragment of study area A (see Figure 1): (a) slope angle; (b) terrain ruggedness index; (c) modified digital elevation model (MDEM); (d) SAGA topographic wetness index; (e) flow path length; (f) MDEM insolation; (g) DSM (modified digital elevation model) insolation; (h) land use and land cover; (i) lithology. 
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Figure 16. The impact of all the analysed conditioning factors on mass movements in the Central Radunia Valley as determined using the C&RT method. Abbreviations: TRI—terrain ruggedness index, SCS—SAGA catchment slop, SMUA—slope mean of upslope area, LS—length slope factor, STWI—SAGA topographic wetness index, SH—slope height, VD—valley depth, FPL—flow path length, SCA—SAGA catchment area, LULC—land use and land cover, NDVI—normalised difference vegetation index, MDEMI—MDEM insolation, CNBL—channel network base level, DSMI—DSM insolation, MDEM—modified digital elevation model, SPI—stream power index, DSM—digital surface model, CI—convergence index, and TPI—topographic position index. 
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Figure 17. Interdependence between landslide occurrence and LULC. Most of the points representing landslides are located in forested areas. 
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Figure 18. Dependence of landslide occurrence on lithology. Most of the points representing landslides occur in fluvioglacial sand and gravel. 
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Figure 19. Prediction and success rate curves for two chosen models. Abbreviations: SRC—success rate curve; PRC—prediction rate curve. 
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Figure 20. Landslide susceptibility mapping of the Central Radunia Valley using a geographic-information-system-based statistical model (logistic regression method). Model 1—developed using all 25 conditioning factors; Model 2—developed using only the strongest factor, i.e., slope. 
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Table 1. Methods and analyses used to delineate, identify, describe, and assess mass movement in the Babi Dół gorge with different scales.
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Scientific Research Methods




	
Analysis of Secondary Data *

	
Analysis of Primary Data




	
Field Surveys

	
Drilling/

Inclinometers, Piezometers

	
Numerical

Analyses

	
Spatial Analyses






	
Investigation of the Rutki landslide with a scale of

1:500

	
X

	
X

	
X

	
X

	
X




	
Assessment of the landslide susceptibility of the Central Radunia Valley with a scale of 1:5000

	
X

	
X

	

	

	
X








* The secondary data come from the following sources: Polish National Geodetic and Cartographic Resources; Polish Geological Institute; Energa SA Group, Poland; INGEO Company, Poland; Provincial Road Authority in Gdańsk, Poland; Berlin State Library, Germany; the Internet.













 





Table 2. Spatial digital data used in GIS analysis.
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	Digital Data
	Source
	Thematic Layers
	Websites





	
	DEM*, field surveys*, engineering documentation*, scientific publications*, Google Earth™ imagery*, interviews with residents*
	Landslide inventory
	https://www.pgi.gov.pl/gdansk/projekty-krajowe/osuwiska-doliny-raduni.html *; accessed on 10 January 2023



	Digital elevation model (DEM)
	National Geodetic and Cartographic Resources, Poland
	The topographic attributes: slope angle, slope height (SH), profile curvature, plan curvature, convergence index (CI), length slope factor (LS), topographic position index (TPI), valley depth (VD), slope mean of upslope area (SMUA), terrain ruggedness index (TRI), digital surface model (DSM), DSM insolation (DSMI), modified digital elevation model (MDEM), channel network base level (CNBL), SAGA catchment area (SCA), SAGA catchment slop (SCS), SAGA topographic wetness index (STWI), flow path length (FPL), stream power index (SPI), MDEM insolation (MDEMI), geomorphons, aspect
	https://www.gov.pl/web/gugik; accessed on 10 January 2023

https://www.geoportal.gov.pl; accessed on 10 January 2023

https://www.pgi.gov.pl/gdansk/projekty-krajowe/osuwiska-doliny-raduni.html *; accessed on 10 January 2023



	Topographic object database (BDOT 10k)
	National Geodetic and Cartographic Resources, Poland DEM*, field surveys*
	Land use and land cover (LULC)
	https://www.gov.pl/web/gugik; accessed on 10 January 2023

https://www.geoportal.gov.pl; accessed on 10 January 2023

https://www.pgi.gov.pl/gdansk/projekty-krajowe/osuwiska-doliny-raduni.html *; accessed on 10 January 2023



	Digital geological data
	Polish Geological Institute, National Research Institute [33,34]; DEM*, field surveys*
	Lithology
	https://geologia.pgi.gov.pl; accessed on 10 January 2023

https://www.pgi.gov.pl/gdansk/projekty-krajowe/osuwiska-doliny-raduni.html *; accessed on 10 January 2023



	SENTINEL-2 satellite imagery
	Sinergise Laboratory for geographical information systems Ltd.,

Slovenia
	Normalised difference vegetation index (NDVI)
	https://www.sentinel-hub.com

https://www.pgi.gov.pl/gdansk/projekty-krajowe/osuwiska-doliny-raduni.html *; accessed on 10 January 2023







* The sources were individually consulted as part of this study.













 





Table 3. Dimensions of the Rutki landslide according to the terminology used by Dikau et al. [77].
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	No.
	Dimensions
	[m]
	Measurement Type





	1
	Width of the displaced mass
	55
	Direct—measured on 13 January 2019 (field)



	2
	Length of the displaced mass
	85
	Direct—measured on 13 January 2019 (field)



	3
	Maximum depth of the displaced mass
	6
	Numerical model (Figure 13)



	4
	Height of the displaced mass
	4
	Direct—measured on 13 January 2019 (field)



	5
	Average depth of the failure surface
	2
	Numerical model (Figure 13)



	6
	Height of the main scarp
	4
	Topographic profiles (Figure 8 and Figure 9)










 





Table 4. Ranking of the model configurations according to their effectiveness.
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	Model
	AUC for SRC (%)
	AUC for PRC (%)





	Model 1
	94.52
	93.65



	Model 2
	87.84
	85.34



	Model 3
	91.80
	87.33



	Model 4
	89.25
	87.87










 





Table 5. Results of principal component analysis (PCA). The table shows values of the scores obtained for each independent variable for each factor. Abbreviations: vide Figure 16 or Table 2.
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Original Variable/Conditioning Factors

	
Factor Loadings (Varimax Normalised) Extract: Principal Components (the Marked Loadings Are > 0.7)




	
Component 1

	
Component 2

	
Component 3

	
Component 4

	
Component 5






	
TRI

	
0.88 *

	
−0.05

	
0.16

	
0.30

	
−0.09




	
SMUA

	
0.87

	
−0.12

	
−0.15

	
0.14

	
−0.04




	
VD

	
0.47

	
−0.14

	
−0.37

	
0.67

	
−0.06




	
TPI

	
−0.08

	
0.33

	
0.77

	
−0.32

	
0.01




	
LS

	
0.40

	
−0.03

	
0.28

	
0.54

	
−0.16




	
CI

	
−0.01

	
0.00

	
0.10

	
0.01

	
0.71




	
profile curvature

	
−0.13

	
0.06

	
0.68

	
−0.15

	
0.29




	
plan curvature

	
0.04

	
−0.04

	
0.07

	
−0.18

	
0.79




	
slope

	
0.89

	
−0.05

	
0.16

	
0.31

	
−0.09




	
SH

	
0.58

	
0.16

	
0.64

	
0.13

	
0.06




	
NDVI

	
0.47

	
0.19

	
−0.16

	
0.17

	
0.11




	
CNBL

	
−0.07

	
0.97

	
−0.02

	
0.00

	
0.02




	
SCA

	
−0.01

	
0.02

	
−0.06

	
0.80

	
−0.09




	
SCS

	
0.89

	
−0.15

	
−0.10

	
0.20

	
−0.08




	
STWI

	
−0.87

	
0.04

	
−0.15

	
0.16

	
−0.06




	
FPL

	
0.32

	
−0.02

	
−0.17

	
0.69

	
0.04




	
SPI

	
0.12

	
0.02

	
0.56

	
0.46

	
−0.28




	
MDEMI

	
−0.25

	
0.10

	
−0.11

	
0.02

	
0.26




	
DSMI

	
−0.56

	
−0.28

	
0.12

	
−0.11

	
0.07




	
MDEM

	
−0.07

	
0.95

	
0.20

	
−0.06

	
0.01




	
DSM

	
0.09

	
0.95

	
0.19

	
−0.02

	
0.01








* The red values show the results for conditioning factors (variables) correlated with each other in individual groups.
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