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Abstract

:

Heterogeneous rock masses that include rhythmic alternations of marl, shale, marly limestone, sandstone, siltstone, and argillite, such as Flysch, are particularly prone to generating colluvial deposits on gentle slopes, which are often subject to failures triggered by heavy rainfall. Flysch-derived colluvial soils are made up of highly heterogeneous sediments ranging from clayey loam to rock fragments, and they have been studied more rarely than homogeneous soils. In this work, we present a geotechnical and hydraulic characterisation performed both in situ and in the laboratory on flysch-derived colluvial soils that were involved in a channelised landslide in the pre-alpine area of the Friuli Venezia Giulia region (NE Italy). The investigated soils were characterised by the average values of the grain size composition of about 25% gravel, 20% sand, 30% silt, and 25% clay. The loamy matrix presented low-to-medium values of the liquid and plastic limits, as well as of the plasticity index (LL = 40%, PL = 23%, and PI = 17%, respectively). The values of the peak friction angle for natural intact samples were 33° < ϕ’p < 38°, whereas the residual friction angle fell to 23–24° at great depths and high vertical stresses, for a prevailing silty–clayey matrix. Variable head permeability tests were performed both in situ and in the laboratory, showing that the values of the vertical and horizontal permeability were very close and in the range 1 × 10−4–1 × 10−6 m/s. The soil permeability measured in the field was generally higher than the hydraulic conductivity calculated on laboratory samples. The proposed geotechnical and hydrological characterisation of flysch-derived colluvial soils can be of fundamental importance before the use of more thorough analyses/models aimed at forecasting the possible occurrence of slope failures and evaluating the related landslide hazard. The reported geotechnical and hydraulic parameters of flysch-derived colluvial materials can represent a useful reference for rainfall infiltration modelling and slope stability analyses of colluvial covers that are subject to intense and/or prolonged precipitation. However, when facing engineering problems involving colluvial soils, particularly those coming from flysch rock masses, the intrinsic variability in their grain size composition, consistency, and plasticity characteristics is a key feature and attention should be paid to the proper assumption of the corresponding geotechnical and hydraulic parameters.
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1. Introduction


Several slopes belonging to hilly and mountainous environments all over the world are characterised by the widespread occurrence of flysch-like rock masses and related flysch-derived soils [1,2,3,4,5,6,7,8,9]. Heterogeneous rock masses that include rhythmic alternations of marl, shale, marly limestone, sandstone, siltstone, and argillite, such as Flysch, are particularly prone to generating loose soil deposits due to weathering processes [10,11]. In fact, the physical and chemical weathering of terrigenous rocks results in structural and mineralogical changes, particularly due to the large presence of clayey minerals within the rock matrix, causing the progressive disintegration and comminution of the rock and the consequent generation of residual and/or colluvial soils [12,13,14,15,16]. Consequently, flysch-derived colluvial deposits are commonly thicker than the covers of colluvial materials deriving from other parent rock masses of various origins, such as igneous and metamorphic rocks, as well as carbonate sedimentary rocks.



Colluvial soils are typically related to the limited transport of material and have been deposited along hillslopes by rainwash, sheet erosion, fluvio-glacial sedimentation, shallow landslides, slow continuous creep, or a variable combination of these processes [17,18,19,20,21,22]. Colluvial deposits have different structures (in particular, the number of layers and interstratifications), thicknesses, and lithostratigraphic complexity, depending on the specific geomorphological process that formed them [19,23,24,25]. When closely related to the weathering and disruption of the underlying bedrock, colluvial covers are characterised by a single layer of up to 1 m thick made up of a rather homogeneous soil, sometimes overlaid by a 10–20 cm thick organic topsoil [25]. Differently, the fluvial fill-and-cut sedimentary processes that occurred after the deglaciation of alpine valleys created extensive and superimposed orders of terraced belts that are characterised by a 1–3 m thick layered cover with a typical three-layer stratigraphy [26]. In the mountain environment, active slopes subject to recurrent shallow instability processes can form channelised deposits where distinct landslide masses accumulate within pre-existing creeks or gullies. These channelised landslide deposits of colluvial materials can have a limited lateral extension, but their thickness can increase considerably depending on the number and volume of landslide events, even reaching 5–10 m [25]. Channelised colluvial deposits are irregularly stratified and include a number of layers that are associated with the distinct and superimposed landslide masses that filled buried creeks or landslide gullies.



Notably, complex sedimentary processes and stratigraphical features, which are strictly related to the geomorphological evolution of the slope, always determine changes, even abrupt, in the geotechnical and hydrological properties of the different soil layers forming the colluvial deposit. As a result, local variations in the grain size, permeability, and moisture conditions of the soil strongly affect the strength properties of the layered cover and, in turn, the stability of the slope [26]. This means that knowledge of the geomorphological processes that formed the specific colluvial deposit is mandatory to plan any geotechnical investigation on the materials that form the deposit effectively [27].



Colluvial soils coming from flysch-like rock masses are commonly made up of highly heterogeneous unconsolidated sediments ranging from clayey loam to rock fragments [28,29]. In fact, the combined processes of chemical alteration and physical disruption of the parent bedrock generally lead to the production of a loamy matrix with a widespread presence of lapideous fragments of variable size [30]. Commonly, the coarser fraction (gravel and sand) is quite close to the finer fraction (silt and clay), and a reference particle size composition may be as follows: 25–30% gravel, 20–25% sand, 25–35% silt, and 20–25% clay [25] and this study. However, these proportions can vary to a degree depending on certain factors, including the lithology of the parent material and the specific geomorphological context. A higher clay content in the colluvium mixture can be related to either the occurrence of shales and marly interbeds in the parent bedrock or pedogenetic processes of the upper layers (illuvial clay). Conversely, a larger amount of the coarse fraction may be the result of the fragmentation and shearing processes of the rock mass during previous landslide events. It must also be noted that heterogeneous soils with a relevant coarse fraction, such as colluvial materials, objectively make it difficult to obtain undisturbed samples and set both field and laboratory testing.



Flysch-derived colluvial slopes are often involved in shallow landslides, even multiple ones, when they are hit by very intense rainfall, possibly resulting in damage to infrastructures and properties, environmental and economic losses, and, in some devastating cases, in the loss of human lives [26]. These rainfall-induced slope failures are commonly referred to as soil slips [31,32,33] and/or slide-debris (earth) flows [34,35,36], and are driven by the infiltration process through the unsaturated–saturated colluvial soil [37,38]. In particular, the failure mechanism is related to either: (i) a decrease in soil suction in the unsaturated zone due to the progressive saturation of the soil; or (ii) an increase in pore-water pressure in the saturated zone accompanied by the formation of a perched water table. Both mechanisms cause a reduction in the effective stresses and, in turn, in the shear strength of the soil, possibly leading to slope failure. In the literature, it has been largely demonstrated that the infiltration process through the soil and the related slope stability are strongly influenced by the rainfall characteristics (in particular, the duration and intensity), as well as by the geotechnical and hydrogeological properties of the soil [39,40,41]. Nevertheless, it is widely acknowledged that the values of the geotechnical and hydrological parameters of soils have a marked spatial variability, and appropriate tests for the determination of these parameters are fundamental to correctly assess the landslide hazard [42].



Owing to the widespread occurrence of shallow landslides involving flysch slopes in mountainous regions, especially due to the changing climate characterised by an intensification of extreme hydrological events [43], the geotechnical and hydrological characterisation of flysch-derived colluvial soils is essential to properly understand the underlying mechanisms driving slope instability. Indeed, a proper rainfall infiltration analysis requires knowledge of the saturated and unsaturated soil properties of all the materials involved in the seepage process [44]. In addition, the geotechnical characteristics of the soil are of paramount importance for any kind of slope stability analysis, landslide susceptibility mapping, and/or the establishment of rainfall intensity–duration thresholds [5,45,46,47,48]. In the literature, a great deal of effort has been devoted to the investigation of the geotechnical and hydrological properties of rather homogeneous soils, both for fine-grained soils [49] and coarse-grained soils [50,51,52,53]. Conversely, flysch-derived soils have been more rarely studied, possibly because of the difficulties in their sampling procedures and laboratory testing due to the presence of a relevant coarse fraction [4,6,30,54,55,56]. However, the particular lithological and structural heterogeneity of flysch-derived colluvial materials deserves an in-depth investigation to comprehensively understand the related slope stability problems, especially in wet conditions.



To achieve this aim, this paper presents the results of a geotechnical investigation, which was performed both in the field and on laboratory samples, on flysch-derived colluvial soils that were involved in a channelised landslide in the pre-alpine area of the Friuli Venezia Giulia region (NE Italy, Figure 1).




2. Geology and Geomorphological Processes of the Study Area


The study area is in northeast Italy, in the village of Sedilis (municipality of Tarcento) (Figure 1). Sedilis is located in the pre-alpine area of the Friuli Venezia Giulia (FVG) region, which is in the southeastern Alps. In the pre-alpine area of FVG, surface deposits made up of colluvial soils are widespread due to the occurrence of rock masses formed by alternating arenaceous–pelitic sequences belonging to the Flysch of Friuli Formation, which is upper Campanian–Lutetian in age and includes a number of geological units with facies of flysch [57,58]. Flysch-formed reliefs tend to form complex geomorphological systems that are characterised by numerous creeks and deep gullies where landslide deposits accumulate due to the repeated instability of the upper slopes. In some cases, the slope instability processes are favoured by abrupt tectonic contacts with overlying limestone formations related to the presence of typical overthrust structures. This particular geological setting has caused significant damage to the limestone rock masses, which are often affected by intense karstic phenomena including an underground deep-water karstic circulation. Colluvial deposits accumulate within the gullies as a consequence of previous landslide processes and lead to typical channelised landslide deposits that can reach a considerable thickness (5–10 m). Repeated shallow slope failures, also including slide-debris flows, can lead to the superimposition of a debris cover on top of an underlying colluvial deposit caused by an older landslide event. However, the overall thickness of the colluvial deposit is highly variable, depending on the magnitude of the various slope failure processes and the irregular morphology of the gully incised in the bedrock. Another important factor controlling the instability processes of these flysch slopes covered by thick colluvium is hydrogeology. In fact, deep-water circulation occurs within buried gullies and is strongly conditioned by the marked permeability threshold between the colluvial cover and the sandstone–marl sequences forming the bedrock.



In the study area, the outcropping geological formations are, from the youngest to the oldest [59] (Figure 2a):




	
“Marne e arenarie di Savorgnano (SVO)” Formation: alternations of graded, fine-to-medium-grained marls and carbonate–siliciclastic sandstones, greyish–blueish marls and clayey marls;



	
“Flysch del Grivò (GRIa)” Formation: interbedded shales and sandstones with calcirudites and calcarenites, sometimes in thick carbonate beds;



	
“Calcari del Monte Cavallo (CMC)” Formation: whitish bioclastic limestones, massive, with abundant rudists, sometimes with interbedded micritic limestone;



	
“Calcari del Cellina (CEL)” Formation: stratified whitish, greyish, and brownish limestones, with karst features, sometimes with the presence of breccias, residual clays, and stromatolites.








The most relevant geological discontinuity affecting the study area is a south-vergent overthrust that caused the overall thrusting of the older and more rigid sequences formed by CMC and CEL over the more ductile sequence formed by the flysch units of GRIa and SVO [60] (Figure 2b). This thrust is accompanied by an overall anticline fold with a low-angle axial plane and by some subsidiary structures within the more ductile thrusted-and-folded sequences, which also caused the overturning of the bedding planes belonging to GRIa and SVO. Flysch-formed reliefs in the surroundings of Sedilis, which pertain to SVO and GRIa formations, are characterised by a complex geomorphological system related to a closely spaced alternation of ridges and incised gullies, which results in the occurrence of multifaceted slopes. Soil slopes made up of colluvial materials have variable inclinations, ranging between sub-horizontal terraces and 35–40°-tilted slopes.



In addition, several slopes in the Sedilis area were involved in extensive reprofiling for vineyard cultivation related to wine production. These earthwork operations have modified the geometry and soil structure of the colluvial slopes and have been responsible for both the phenomena of degradation and chemical–physical alterations in the colluvial deposits, which were involved in shallow instability processes.
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Figure 2. Geological map (a) and section (b) of the study area showing the location of the channelised landslide of Sedilis (modified from [61]). 
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When considering the climate of the study area, the pre-alpine sector of FVG is subject to the influx of winds that are rich in humidity due to the proximity of the Adriatic Sea and is consequently characterised by a wet and rainy climate. The average yearly rainfall for the pre-alpine areas of FVG, calculated in the period 1991–2020, ranges from about 1800 mm to more than 3000 mm (Figure 1). These areas are frequently hit by rainstorms characterised by a high intensity (40 ≤ I ≤ 100 mm/h) and limited duration (D = 1–6 h at most), which mainly occur during the wet season (September–November) or during the spring (May–June). In the Sedilis area, some extreme hydrological events have been responsible for the activation of dozens of shallow slope failures over time. In many cases, these shallow landslides were characterised by an initial sliding of a colluvium mass and a subsequent fluidisation of the material, and, owing to this mechanism, they can be classified as slide-earth flows. Repeated shallow landslides of colluvial material have progressively buried several gullies throughout this flysch range. The flysch-derived colluvial soils that will be investigated in the present study are related to a thick channelised landslide deposit that is the result of multiple slide-earth flows, the most important of which occurred in 1998, with a partial reactivation in 2014 (Figure 3a).




3. Methodology


In order to achieve a more profound knowledge of the geotechnical and hydraulic characteristics of flysch-derived colluvial soils (grain size distribution, and plasticity, activity, index and shear strength properties, as well as moisture condition, matric suction, Soil–Water Characteristic Curve (SWCC), and hydraulic conductivity), an engineering–geological survey was carried out on the Sedilis channelised landslide area and several tests were performed both in the field and in the laboratory.



3.1. Fieldwork and Sample Collection


Fieldwork aimed to: (i) define a detailed stratigraphic section of the colluvial deposit; (ii) arrange field tests to evaluate the in situ hydraulic conductivity of colluvial soils; and (iii) collect a number of soil samples to determine their geotechnical and hydraulic properties in the laboratory.



During the field survey, some key outcrops were cleaned using trowels and brushes to remove debris cover. In some cases, shallow trenches were excavated using a pick and shovel to highlight the stratigraphic contacts within the colluvial deposit and the underlying bedrock (Figure 3b–d), as well as to arrange field tests and minimise disturbance during the sampling procedure (Figure 4a). For each investigated outcrop, a stratigraphic analysis was performed, with identification, codification, and thickness measurements of the different soil layers. The colluvial soil samples were collected from a borehole (S7) that was drilled close to the crown area of the unstable slope and some outcrops on the lateral scarps of the 1998 slide event and the 2014 reactivation (Figure 3).



Soil samples were taken in both undisturbed and disturbed conditions using steel cylindrical or rectangular samplers with a cutting edge from 22 different sampling points throughout the landslide area. The soil sampling that was aimed at the assessment of the moisture condition of colluvial materials was performed at 40–60 cm depth intervals on the lateral scarps of the 1998 Sedilis slide in order to reconstruct moisture profiles within the colluvial deposit. This procedure was repeated in different periods of the year to appreciate possible seasonal changes. In these tests, the undisturbed soil samples were sealed and rapidly brought to the geotechnical laboratory (within 3–6 h) for the determination of the weight, natural water content, and degree of saturation.




3.2. Field Tests


A number of variable head permeability tests were carried out in situ to estimate the vertical saturated hydraulic conductivity of flysch-derived colluvial soils (Figure 3 and Figure 4). The measurement method that was adopted considered some critical aspects, including the soil response times, the type and functionality of the equipment used, and the need to perform measurements in an adequate time (ranging from a few hours to one day). To overcome the operative difficulties related to accessing the measuring points on the field with heavy equipment and limited working times, variable head permeability tests were carried out using instruments and a quantity of water (a few dozen litres) that could be transported manually by the operators. When considering the demanding fieldwork needed to prepare the measuring points, the use of typical single- or double-ring infiltrometers would not have been possible due to the limited operative spaces in the excavated trenches along the investigated scarps. Therefore, a smaller Shelby sampler with the same flotation system was used, even though the water volumes and flow rates involved were lower compared with the single- or double-ring infiltrometers. In particular, preliminary tests were performed using half of a steel Shelby cylinder (diameter D = 9.8 cm; length L = 30 cm; thickness s = 0.2 cm), which was manually inserted into the ground at a depth of 10 cm. The variations in the hydraulic head over time were measured using a floating graduated rod.



During the test execution, as the soil was in a partially saturated condition, the test was initially performed to saturate the soil volume below and around the test cylinder. After this preliminary stage, a known amount of water was poured into the test cylinder using a graduated container, thus generating an initial specific hydraulic head. Subsequently, the decrease in the hydraulic head over time was recorded using the floating graduated rod and a timer. The decrease rate of the hydraulic head depends on the permeability of the soil contained in the test cylinder, the volume or thickness of the soil, and the shape coefficient related to the cylindrical test size. The values of the in situ vertical permeability of the various identified colluvial soils were calculated according to the well-known relationships of the variable head permeability calculation [62,63].




3.3. Laboratory Investigations


Laboratory investigations on flysch-derived colluvial soils were devoted to the following: (i) assessing the values of grain size composition, unit weight, porosity, bulk density, natural water content, Atterberg limits; (ii) identifying the materials with the lowest shear strength properties; (iii) evaluating the saturated hydraulic conductivity; and (iv) determining the values of the suction, volumetric water content, and degree of saturation. The tests were performed at the Geotechnical and Engineering Geological Laboratory of the Polytechnic Department of Engineering and Architecture at the University of Udine (Udine, Italy).



The grain size analyses were carried out through wet sieving and using a hydrometer during the decantation process of the fine fraction. The liquid limit of the soil samples was determined with the Casagrande spoon test, whereas the plastic limit was determined with the hand rolling method. The shear strength properties of the colluvial materials were estimated by performing shear tests on both undisturbed and remoulded samples. In particular, peak and residual strength parameters were determined using the following:




	(i)

	
The Casagrande direct shear box, for natural soil samples;




	(ii)

	
The Bromhead ring shear machine, for reconstituted samples that only included the fine fraction (ASTM#40 sieve-passing material).









When considering the moisture condition of natural soil samples subjected to direct shear tests, the latter were tested in completely saturated conditions through water immersion in the metal box supporting the shear machine. For the reconstituted samples subjected to residual shear tests, complete saturation was ensured during the initial sample preparation, in which the water content was set to be equal to the corresponding liquid limit. The values of the normal consolidation stress (σv), which were maintained over the shear stage, were chosen on the basis of the lithostatic stresses actually occurring in situ for the different sampling locations. For the tested samples, the values of σv varied, at 50 < σv < 150 kPa, with these values being representative of a colluvial cover up to 8 m thick. The displacement rates that were used in the direct and residual shear resistance tests were VP = 0.02 mm/min and VR = 0.032°/min, respectively.



Some variable head permeability tests were performed on colluvial samples to compare the values of the saturated hydraulic conductivity calculated in the laboratory with measurements obtained from field tests. Laboratory tests were carried out adopting a standard oedometer ring (diameter D = 7.14 cm, height H = 2.00 cm, area A = 40 cm2), which was previously used in situ as a sampler to collect undisturbed samples. The samples were initially saturated in the oedometer cell by immersion for at least 24 h. Subsequently, the flow circulation phase was developed by imposing a minimal entry of water flow from the lower porous base of the cell through the appropriate channel, which was also used to eliminate air bubbles and to saturate the sample. The samples were then consolidated at different vertical pressures, ranging between 2 and 100 kPa, thus exploring the different hydraulic responses of the soil. After the end of the consolidation phase, the variable head permeability test was carried out in the oedometer cell by imposing an initial hydraulic head and following its decrease over time. For each vertical consolidation pressure, the permeability flow phases were repeated three times to obtain a proper average value of the vertical permeability, evaluated with the same test conditions and gradients.



Finally, some laboratory tests on selected soil samples were carried out to obtain the suction measurements that were necessary to reconstruct the SWCC of flysch-derived colluvial soils. A specific laboratory procedure was performed, and this was repeated for the undisturbed soil samples taken from the Sedilis landslide area. Owing to the high content of rock fragments and pebbles included in the colluvial mixture, the finer fraction (diameter < 2 mm) was separated and then the soil samples were reconstituted into a state similar to that of the field conditions (water content and saturation degree; bulk density). The remoulded samples were obtained using a finer soil matrix, i.e., only ASTM#40 sieve-passing material. They were prepared in a cylindrical steel mould with a total volume of 851 cm3 (diameter of 8.5 cm and height of 15 cm), with different controlled moisture and saturation degrees. After the initial phase of sample preparation and moisture adsorption, a jet-fill tensiometer was inserted into a hole created within the soil sample for the suction measurement during the desorption stage. Suction measurements on this type of silty loam reconstituted sample were performed after a stabilising period of 24 h, which was required to achieve a good equilibrium condition. The measured values of suction were subsequently corrected to take the height of the water in the tensiometer tube into account. Immediately afterwards, the values of θw and Sr were determined on the tested soil samples. Based on these data, the SWCC was reconstructed considering the low suction values, which correspond with the most frequent slope conditions.





4. Stratigraphy of the Colluvial Deposit


Owing to the characteristic three-dimensional geometry of the buried gully, the investigated colluvial deposit has a very variable thickness, ranging from 2 m to 17 m, with an average value of 7–8 m. The maximum thickness is reached in the upper zone of the landslide deposit, as ascertained from the borehole data (Figure 3e). The 1998 Sedilis landslide involved a colluvial cover that was characterised by a thickness varying between 2–3 m and 8 m.



The typical texture of flysch-derived colluvial soils is characterised by an abundant fine matrix mixed with a skeleton made up of marl and sandstone fragments from the parent rock mass (Figure 5a). The colluvial deposit overlies the Eocene flysch bedrock belonging to the SVO Formation (Figure 5b). According to evidence obtained from field surveys and borehole data (Figure 3 and Figure 4), three distinct soil layers with different characteristics were identified (Figure 5c):




	
A 30–50 cm thick organic topsoil, with abundant roots and macro-voids, in some cases reworked for vineyard cultivation purposes;



	
An upper colluvial soil of highly variable thickness with a prevailing loamy matrix (Colluvial soil 1 in Figure 5c);



	
An underlying colluvial soil made up of abundant angular fragments of marl and sandstone with a scant amount of loamy matrix (Colluvial soil 2 in Figure 5c).








It must be noted that Colluvial soil 2 is, in several cases, lacking, and Colluvial soil 1 directly overlies the flysch bedrock. As a result, the thickness of Colluvial soil 2 is highly variable, even reaching 7–8 m (Figure 3e). However, only the geotechnical and hydraulic properties of the topsoil and the upper flysch-derived colluvial soil were investigated in the present study.




5. Geotechnical Characterisation of Flysch-Derived Colluvial Soils


5.1. Grain Size Distribution


According to the grain size investigations (Figure 6 and Table 1), the natural samples collected from the eastern scarp of the 1998 slide included a larger amount of clay fraction, even if they were not the most plastic or active ones (Figure 7). In addition, the most homogeneous samples were those collected from the western scarp, whereas the most heterogeneous ones were those related to borehole S7, which were most likely affected by drilling operations.



When considering their grain size composition (Table 1), the analysed colluvial soils can be classified as clayey sandy silts. According to the calculated values of the average percentage and standard deviation of each soil class, the content of sand generally ranged from 12% to 41%, with a mean value of 21%, whereas the amount of clay varied between 6% and 38%, with a mean value of 25% (Table 1). However, the content of silt was prevalent, ranging from 19% to 43%, with a mean value of more than 28%. Based on these sedimentological data, the colluvial soils can be referred to as a poorly sorted silty loam, with 48–62% of fine matrix (FF), on average, even reaching, in some cases, a higher content of 78%. The silt/clay ratio is generally in the range 0.9–1.3, except for two samples taken from borehole S7 at lower depths (Table 1), which were characterised as having a higher silt/clay ratio (2.3–3.1). The loamy matrix (Sand + Silt + Clay) was always prevalent (51–96%) on the coarse fraction made up of gravel and rock pieces (4–49%). In particular, the skeleton was characterised by an average amount of gravel equal to 25%, which was mainly made up of fragments of marl and sandstone deriving from the parent flysch material.



When merging data of the grain size composition for all the collected samples, the content of gravel was highly variable, with a variation coefficient equal to 57%, which was somewhat higher than those related to sand (33%), silt (21%), and clay (31%). Conversely, the lower value of the variation coefficient of the silt fraction (21%) reflected its constantly higher content within the loamy matrix of the colluvial soil samples.




5.2. Index Properties


The liquid limit (LL) of the silty loam samples was included in the range 30% < LL < 50%, whereas the plasticity index (PI) was 14% < PI < 22% (Figure 7a). According to the Unified Soil Classification System (USCS), these clayey–sandy silts can be classified in the plasticity chart as inorganic clays of low-to-medium plasticity (CL). When considering the activity chart (Figure 7b), the investigated samples generally showed a low or medium activity, with a corresponding swelling–shrinkage potential.



Table 2 summarises the values of the index properties of the investigated colluvial soils, including the average values, standard deviation, and variation coefficient for each sampling location. The colluvial soils were characterised by a natural water content (wn) in the range 19% < wn < 28% (Table 2), with these values being similar to or slightly higher (maximum difference of 7%) than their plastic limit. The samples generally showed a natural wet bulk density (γn) in the range 18.4 < γn < 21.1 kN/m3, whereas the dry ones had values of 14.6 < γd < 17.3 kN/m3 (Table 2). The values of the void index (e) and porosity (n) were included, at 0.59 < e < 0.92 and 0.38 < n < 0.52, respectively. The specific gravity (Gs) was in the range 2.62 < Gs < 2.75. On average, the obtained assessments are consistent with typical values of sandy clayey silts.




5.3. Shear Strength


The results of the shear strength tests performed in both residual and peak conditions are summarised in Table 3 and Table 4, along with the values of the plasticity index and clay fraction for each sample. Shear strength determinations under saturated conditions showed the following:




	(i)

	
The values of the residual friction angle for reconstituted samples, which were evaluated in the torsional shear test, were 16° < ϕ’r < 29°, with a mean value of 23° (Table 3). In residual conditions, the soil cohesion was null;




	(ii)

	
The peak shear strength properties of the undisturbed natural samples C0 and C1, which were collected at the base of the western and eastern scarps, respectively, were evaluated with the direct shear test. The values of the peak friction angle were 33° < ϕ’p < 38°, whereas the values of cohesion were 6 kPa < c’p < 11 kPa (Table 4 and Figure 8a,b). The peak conditions were reached for horizontal displacements (SH) of about 8–10 mm (Figure 8c,d), highlighting the plastic behaviour of the hardening type;




	(iii)

	
When considering residual conditions on undisturbed natural samples, the residual friction angle of the two tested samples decreased by up to 31–33°, respectively (Table 4 and Figure 8a,b). The lower friction angle value related to sample C0 is possibly explained by the higher content of clay that characterised that sample (Table 1).









When analysing results of the ring shear tests, a general decrease in the values of the residual friction angle as the depth increased was observed for almost all the samples collected from the scarps and borehole S7. Indeed, the residual friction angle varied from ϕ’r = 26–29° for the shallowest samples to ϕ’r = 16–17° for the deepest ones (Table 3). Sample C5 from borehole S7, which was collected at a depth greater than 8 m and was not involved in the landslide, was characterised by a higher value of ϕ’r = 30°. This can be justified by the fact that sample C5 was characterised by a higher content of coarse fraction with a corresponding lower CF (Table 1) and a lower plasticity compared with all the other analysed samples (Table 3).



Finally, a direct shear test was also performed on an undisturbed sample under partially saturated conditions (Sr = 93%), which was collected at a depth of about 2 m from the scarp formed as a result of the 2014 slide reactivation. An increase in the peak shear strength was observed, which was related to the additional cohesive strength contribution provided by an apparent cohesion of 19 kPa caused by the matric suction. Conversely, the value of the peak friction angle remained close to that obtained for the sample under complete saturation conditions (Table 4).





6. Hydraulic Properties of Flysch-Derived Colluvial Soils


6.1. Saturated Permeability


The variable head permeability tests that were performed both in situ and in the laboratory allowed for the assessment of the saturated permeability values of the soil layers forming the channelised landslide deposit (Figure 5). The results of the oedometer permeability test that was carried out in the laboratory on samples from the scarp formed by the 2014 reactivation are shown in Table 5. Permeability determinations were obtained in both horizontal and vertical directions for samples collected at different depths. Different vertical consolidation pressures were applied to evaluate their influence on the soil’s hydraulic conductivity. The results of the analysis demonstrated that the increase in the vertical stress (2 kPa < σv < 100 kPa) caused a slight decrease in the soil permeability (Figure 9). Furthermore, when the same vertical stress was applied, the values of the vertical and horizontal permeability were quite similar, even if the vertical hydraulic conductivity was, in most cases, slightly higher than the horizontal one (Table 5). In addition, the calculated values of the vertical and horizontal hydraulic conductivities were found to be very close for samples that were collected at both shallower and greater depths (Figure 9).



The in situ permeability tests were carried out on the top organic soil and the upper colluvial layer (Colluvial soil 1). Field measurements pointed out that the top organic soil is characterised by a vertical hydraulic conductivity of 1.2 × 10−4 m/s, whereas the upper colluvial soil had a vertical permeability of 7.8 × 10−5 m/s (Table 6). When comparing the values of the soil vertical permeability obtained from the two different types of tests (in situ vs. laboratory), the field measurements were always higher than oedometric test determinations (Table 6). For Colluvial soil 1, the difference was of about one order of magnitude, whereas for the topsoil, the two values differed by about a half of an order of magnitude. This lower discrepancy could be caused by the different application method of the hydraulic head (variable vs. constant head) and by the different volumes of soil that were involved in the tests between the steel Shelby cylinder and the oedometer ring.




6.2. Moisture Condition


Laboratory tests allowed for the determination of the degree of saturation (Sr) and volumetric water content (θw) of some soil samples, also considering variations according to depth within the colluvial deposit and possible seasonal changes. On the whole, the colluvial deposit was in partially saturated conditions (70% < Sr < 90%) for a depth of about 3 m from the ground surface, whereas the degree of saturation increased at greater depths (90–100%) (Figure 10).



The saturation profile highlighted a general curvilinear trend, with an exponential-shaped curve, showing an increase in the saturation degree as the depth increases. However, the saturation curves were irregular, showing the occurrence, at depth, of several moisture peaks (Sr = 100%) separated by markedly lower values of Sr (Figure 10), as also ascertained for other colluvial deposits in NE Italy [26]. This was consistent for measurements that were acquired on both the 1998 slide scarps (Figure 10a) and the 2014 reactivation scarp (Figure 10b). Measurements of Sr performed at different times on the same outcrop showed a quite constant trend over time, confirming that colluvial deposits in NE Italy are in near-saturated conditions for most of the year [27]. An evaluation of the saturation degree and volumetric water content, along with determinations of the void index, porosity, and natural water content (Table 2), provided key data on the mean and maximum values of the volumetric water content of colluvial soils under both saturated and unsaturated conditions. In particular, for flysch-derived colluvial soils, the natural volumetric water content was in the range 21% < θn < 44%, whereas the saturated volumetric water content varied: 42% < θsat < 50%. Notably, the values of the saturated volumetric water content are key to assess the initial values of the SWCC.




6.3. Soil–Water Characteristic Curve


Following the specific laboratory procedure that was described in Section 3.3, the reconstruction of the SWCC for flysch-derived colluvial soils was possible. The average values of saturation degree, volumetric water content, and soil density, measured for the colluvial samples collected from the slide scarps, were used to reconstitute the laboratory soil samples on which suction measurements were carried out using the jet-fill tensiometer. Immediately afterwards, θw and Sr were re-measured on the remoulded soil samples. The experimental points were interpolated to obtain the SWCC, according to the Fredlund and Xing equation [64] and using the values of parameters a, n, and m, which are reported in Figure 11.





7. Discussion


In this section, a comparison between the findings of the geotechnical and hydraulic characterisation of the colluvial materials investigated in this study and those proposed by other authors is presented, particularly for grain size composition, consistency, and plasticity, as well as for residual shear strength, permeability, and SWCC.



7.1. Grain Size Composition, Consistency and Plasticity


The grain size analyses of the colluvial soils collected from the channelised landslide deposit (Figure 6 and Table 1) obtained the following average composition: 25% gravel, 20% sand, 30% silt, and 25% clay. These values related to clayey–sandy silts (i.e., loam) are consistent with previous determinations proposed by other authors for flysch-derived colluvial soils (Table 7), for example, the loamy materials involved in the Slano Blato landslide [65,66,67]. However, it must be noted that colluvial soils are characterised by a notable variability in their grain size composition. This grain size heterogeneity is strictly associated with various factors, including (i) the lithology of the parent bedrock, (ii) the geomorphological process of the formation of the colluvial cover, and (iii) the pedogenetic processes that could have been involved in the soil deposit. As a result, in some cases, the grain size composition of these loamy materials can be characterised by lower or null percentages of gravel and a higher clay fraction (CF > 30–40%), as documented by various authors [30,56,68,69] (Table 7). Actually, when the parent rock mass is made up of lithological units that are rich in clay minerals (in particular, marls interbeds of the Flysch formations), the clay fraction within the colluvial cover can increase.



Based on the field investigations performed by the authors, soil samples collected from the channelised colluvial deposit at Sedilis showed a greater grain size variability compared with soils sampled from alpine colluvial terraces, which are mostly silty in nature [26]. The significant grain size variability of the colluvial materials of channelised slopes is due to the specific geomorphological context and sedimentary process, which is related to the occurrence of repeated landslide events that create a very complex stratigraphy and chaotic assemblage of soils that experience multiple mobilisations. The notable content in the coarser fraction is related to the occurrence of rock fragments and small blocks that were formed by rock mass crushing during the shearing process of the bedrock at the base of the slide. The colluvial samples analysed within this study also showed that the content of gravel was highly variable depending on both the sampling location (see the eastern and western scarps in Table 1) and the depth of sampling (see the eastern scarp and borehole S7 in Table 1). These data highlight the marked spatial variability in the grain size composition of colluvial materials, which, in turn, strongly affects the other geotechnical and hydrological properties.



Flysch-derived colluvial soils are characterised, on average, by medium-to-low consistency and plasticity properties. For the analysed samples, values of LL = 40%, PL = 23%, and PI = 17% were found. By comparing the values of the natural water content with those of the consistency limits (liquid and plastic), it was found that the samples in their natural state were characterised by water contents close to or higher than the plastic limit, thus highlighting the consistency and deformability that are characteristic of a plastic behaviour. The propensity of the colluvial soils to fluidise can be evaluated by considering the Approximate Mobility Index (AMI), which is defined by the ratio between the water content at saturation (Wsat) and its liquid limit (LL), that is, AMI = Wsat/LL [31]. LL represents the water content necessary to fluidise the material. The values of AMI calculated for the studied soils were in the range 0.45 < AMI < 1, indicating that the materials need to absorb additional water to fluidise (Case B according to [31]), but they are still predisposed to trigger slope failures such as soil slips or debris flows. Generally, fluidisation more likely develops in soil layers at a greater depth, since these are generally characterised by a greater water content and degree of saturation. Even though there are no clear correlations, the values of LL decrease at depth, on average, whereas the water content increases; therefore, their difference can fall below 15%. However, the natural conditions of water content and saturation degree can significantly alter due to heavy rainfall events, which can lead to the complete saturation of the whole colluvial cover, thus incorporating the additional water necessary for fluidisation.




7.2. Residual Strength


The values of the residual friction angle of the colluvial samples that were involved in the Sedilis landslide are shown in Figure 12, together with some reference limit intervals available in the literature:




	(i)

	
Residual friction angle vs. CF* of the soil samples subjected to ring shear tests, with the range limits proposed by [70] (Figure 12a);




	(ii)

	
Residual friction angle vs. PI, with the range limits proposed in [71] (Figure 12b);




	(iii)

	
Residual friction angle vs. LL, with the range limits proposed by [72] (Figure 12c).









Given the composition and nature of the tested colluvial materials (CF* < 45%, PI < 25%, LL < 50%), the samples appear in the parts of the diagrams where the dispersion is higher and the differences more marked. Overall, most of the measured values fall within the range limits proposed by widely adopted research works [70,71]. Based on the results obtained, an average residual value of the friction angle that can be assumed as a reference for flysch-derived colluvial soils is ϕr = 23°, which is associated with average values of CF* = 37% and PI = 17%.




7.3. Permeability


Hydraulic conductivity determinations for flysch-derived soils are rare. Ref. [30] performed field tests (variable load well test) on a colluvial soil mainly made up of clayey silts that was involved in a shallow landslide, and ascertained values of the saturated permeability within the range 2.3–2.7 × 10−3 m/s. Ref. [65] obtained values of permeability in the range 1 × 10−3–1 × 10−4 m/s from in situ tests (slug tests and pump test) on clayey gravels with pieces of limestone and siltstone that were involved in a 3–11 m thick active landslide. Lower permeability values were found by [4], in the order of 1 × 10−6 m/s, for a landslide colluvial material formed by poorly graded gravelly clays and clayey gravels with a stiff matrix. Ref. [55] performed field measurements of the hydraulic conductivity (constant head permeameter test) of colluvial soils forming flysch hillslope deposits in Tuscany (Italy), which were mainly composed of well-sorted sand and silt with extremely variable gravel and clay contents. The values of the saturated permeability fell in a wide range, between 4 × 10−8 m/s and 8 × 10−5 m/s, with most values included in the range 1 × 10−7–3 × 10−6 m/s. Ref. [56] determined the saturated hydraulic conductivity of a residual soil from a flysch rock mass through laboratory tests on intact and remoulded soil samples (falling and constant head methods in oedometer and triaxial tests, respectively). The value of the saturated permeability was found to be 4.6 × 10−8–2.79 × 10−8 m/s for a medium–low effective stress (25–50 kPa), which corresponds well with the values of vertical stress that were employed in the present study. The authors also obtained significantly lower values of the hydraulic conductivity of reconstituted soil samples (3.5 × 10−10–1.64 × 10−10 m/s) compared with intact samples and suggested that laboratory measurements of hydraulic properties should only be performed using intact samples [56]. The previously reported values of the saturated permeability of flysch-derived soils fall within a very wide interval, and this remarkable variability is closely related to the typically high heterogeneity in the grain size composition of colluvial soils, particularly in the amount of gravel and clay.



The results of the permeability tests performed within this study on flysch-derived colluvial soils, both in the laboratory and in situ, indicated the following (Table 6):




	-

	
For the top organic soil, the permeability varies in the range 7.0 × 10−5–1.2 × 10−4 m/s;




	-

	
For the underlying colluvial layer, the permeability is in the range 7.7 × 10−6–7.8 × 10−5 m/s.









Overall, the values of the saturated permeability that were determined in this study from both in situ and laboratory tests fall within the range defined in previous research on flysch-derived soils. In addition, the permeability values of these matrix-supported loamy materials are in line with the values of the hydraulic conductivity of colluvial and/or residual soils coming from other bedrock lithologies, which are included in the range 1 × 10−4–1 × 10−6 m/s [73,74,75,76,77,78]. The outcomes of the soil permeability investigations also demonstrate that the values of the hydraulic conductivity obtained from in situ tests are higher than the values from laboratory determinations, as was previously found by other authors [79,80,81,82,83,84,85]. In this study, differences ranging from about half an order of magnitude to one order of magnitude were found (Table 6). Overall, reference values of the soil permeability equal to 1 × 10−4 m/s for the top organic soil and 1 × 10−5 m/s for the flysch-derived colluvial soil can be assumed.



The methods employed in this study to determine the saturated permeability of the investigated colluvial soils have both advantages and drawbacks. In particular, the use of a smaller Shelby steel sampler is not conventional compared to classical ring infiltrometers, but it allowed for the measurement of the in situ permeability in a shorter timeframe, considering the difficult operative field conditions. This procedure was also key to preliminarily assessing the values of the hydraulic conductivity in situ, since the latter are more representative of the actual soil permeability at the field scale compared with laboratory determinations, particularly for highly heterogeneous materials such as colluvial soils. Indeed, laboratory tests in oedometric rings were carried out on soil specimens whose size was small in order to minimise the sampling disturbances in the field. However, smaller soil samples reduced the probability of incorporating clasts and coarser fragments, thus possibly reducing, to some extent, the values of the permeability determinations. This means that laboratory tests on smaller soil samples were mainly related to the hydraulic properties of the loamy matrix, whereas field tests, as they were performed on larger volumes of soil, were better able to consider the actual heterogeneity in the structure and grain size composition of the colluvial soils. This could also explain the fact that the values of saturated permeability obtained from field tests are commonly higher than the values determined in the laboratory.




7.4. SWCC


Very few authors have proposed an SWCC for flysch-derived colluvial soils reconstructed from experimental measurements. Thus, the SWCC that was reconstructed within this study can be of key reference for loamy materials, and the comparison of suction measurements with other colluvial soils available in the literature is possible. The values of the matric suction obtained with the tensiometer method for the Sedilis colluvial soils are consistent with other determinations that were obtained using the pressure plate method on colluvial soils of different origins from the FVG region [86] (Figure 13). Similar suction values were also obtained for residual soils deriving from a flysch rock mass in Croatia [87].



When considering the SWCC for silty soils by [64] as a reference, the experimental suction measurements from the Sedilis colluvial soils are higher, and this is due to the increase in the clay fraction (about 25%) that is included in the heterogeneous mixture of materials deriving from flysch rock masses. Indeed, for colluvial soils with a heterogeneous grain size composition that includes a low percentage of gravel and a high clay fraction (>30–40%, or more), the hydraulic properties of conductivity and retention move close to those of pure clayey soils, as demonstrated by the upper bounding drying curve related to flysch-derived soils described by [87].





8. Conclusions


A major aim of this paper is to provide a reliable set of data concerning the geotechnical and hydraulic properties of flysch-derived colluvial soils. A proper characterisation of these soils is of fundamental importance before starting more thorough analyses/models aimed at forecasting the possible occurrence of slope failures and evaluating the related landslide hazard. Overall, colluvial soils are very heterogeneous in their grain size composition. The investigated flysch-derived soils, which were involved in landslide processes, are characterised by the following average values: 25% gravel, 20% sand, 30% silt, and 25% clay. The loamy matrix is characterised by the following consistency limits and plasticity index: LL = 40%, PL = 23%, and PI = 17%. In addition, the main geotechnical index properties of the natural intact soils are, on average: void index e = 0.7, specific gravity Gs = 2.7, and natural unit weight γn = 19.8 kN/m3. The water content and the saturation degree are not constant but change according to depth within the ranges 19% < wn < 28% and 70% < Sr < 100%, respectively. Within the first 4 m of the investigated landslide deposit, the degree of saturation is equal to Sr = 85%, on average, whereas it reaches complete saturation at greater depths.



When considering the shear strength properties of flysch-derived colluvial soils, the peak resistance conditions of the natural intact samples are associated with mean reference values of ϕ’p = 35° for the friction angle and c’p = 8 kPa for the cohesion. For the residual conditions of shear strength, the friction angle decreases up to 31°, with null cohesion values. In frequent cases, when the fine matrix prevails in the soil grain size composition and the clay fraction is equal or even higher than the silty fraction, the residual shear strength can drop well below 30°, especially for soils at greater depths and with vertical stresses. In the examined cases, the residual values of the friction angle were in the range ϕ’r = 23–29° at shallower depths of the colluvial cover (<4 m) and ϕ’r = 16–17° at greater depths, with the latter being related to soils in correspondence with the basal contact with the underlying bedrock. On the whole, the average residual values of the friction angle, which were the most frequently measured values in the analysed samples, fall within the range ϕ’r = 23–24°.



When considering the hydraulic properties of the investigated soils, the reference value of the hydraulic conductivity for the topsoil is 1 × 10−4 m/s, whereas for the flysch-derived colluvial soil, a reference permeability value of 1 × 10−5 m/s can be adopted. The permeability tests also demonstrated that the vertical and horizontal hydraulic conductivities were very close, whereas the field soil permeability was generally higher than the permeability measured for laboratory samples.



The reported parameters obtained from the geotechnical and hydraulic characterisation of flysch-derived colluvial materials represent a useful reference for rainfall infiltration modelling and slope stability analyses of colluvial covers that are subject to intense and/or prolonged precipitation, as typically occurs in pre-Alpine and Alpine areas all over the world. In addition, these parameters can also be used in physically based shallow landslide prediction models at the basin scale for landslide susceptibility analyses. Knowledge of the geotechnical and hydrological parameters of the soils forming a given terrain is the basis for the proper assessment of the landslide hazard and/or the effective stabilisation of active landslides. Nonetheless, this study confirms that the marked grain size heterogeneity that typically characterises colluvial materials has consequences for the soil shear strength, as well as the moisture conditions, saturation degree, and SWCC of the soils, leading to wide ranges in their values. This grain size heterogeneity is strictly related to the specific formation process of the soil deposit, the type and nature of the parent bedrock, and the specific climate condition of the area.



As demonstrated by data within this study, the values of the geotechnical and hydrological parameters of colluvial soils have a marked spatial variability, even in the same soils from identical parent material. This means that, in order to appreciate this spatial variability, appropriate and extensive investigations and analyses (focusing on grain size distribution, plasticity, shear strength properties, moisture condition, matric suction, hydraulic conductivity, and SWCC curve) should be performed in parallel using various methods, both in the laboratory and in the field, as they play an important role in the reliable determination of these parameters. This also means that, when facing engineering problems involving colluvial soils, particularly those coming from flysch rock masses, the grain size composition, along with the consistency and plasticity of the fine fraction, is a key feature, and attention should be paid to the proper assumption of the corresponding geotechnical and hydraulic properties.
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Figure 1. Topographic map of the Friuli Venezia Giulia region (NE Italy) showing the various morphological areas, the yearly rainfall contour lines (isohyets, in yellow), and the location of the study area of Sedilis. 
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Figure 3. (a) Planimetric sketch of the Sedilis unstable area highlighting the 1998 channelised slide-earth flow and 2014 partial reactivation. (b,c) Eastern and western lateral scarps of the 1998 slide, showing the sampling points (small white labels). (d) A 5 m high scarp that was formed as a result of the 2014 reactivation occurring in the western part of the unstable slope, with an indication of the sampling location. (e) Stratigraphic reconstruction of borehole S7 with sampling position (red squares). 
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Figure 4. (a) Trench excavated to prepare the in situ permeability test, also showing the occurrence of two distinct soil layers. (b,c) Equipment used for the variable head permeability tests. 
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Figure 5. (a) Typical texture of the colluvial soil that was involved in the Sedilis channelised landslide; (b) outcrop of the underlying Eocene flysch bedrock (SVO Formation); (c) general stratigraphic sketch of the colluvial deposit in the unstable slope area. 
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Figure 6. Grain size distribution curves of the colluvial materials sampled from borehole S7 and the eastern and western scarps of the 1998 slide. 
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Figure 7. (a) Plasticity and (b) activity charts of the colluvial samples collected from the Sedilis landslide area. 
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Figure 8. (a,b) Peak and residual strength envelopes for the samples coming from the western and eastern scarp, respectively, of the Sedilis slide. (c,d) Shear force–horizontal displacement trends recorded in the peak direct shear tests of two selected samples from the western and eastern scarps, respectively. 
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Figure 9. Values of the horizontal and vertical permeability of Colluvial soil 1 (a) and Colluvial soil 2 (b), determined in the oedometer cell for different consolidation pressures. 
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Figure 10. Variations in the degree of saturation at different depths (moisture profiles) of the unstable colluvial deposit that were measured at various periods of time on the scarps of the (a) 1998 slide and (b) 2014 reactivation. 
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Figure 11. Soil–water characteristic curve for flysch-derived colluvial soils, which was reconstructed using the tensiometer measurements and equation parameters (a, n, m) suggested by [64]. 
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Figure 12. Values of the residual friction angle vs. (a) the clay fraction, (b) the plasticity index, (c) and the liquid limit of the colluvial samples from the Sedilis landslide. The results of this study are compared with other authors [70,71,72]. 
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Figure 13. Experimental suction data ascertained from colluvial samples of the FVG region using both tensiometer and pressure plate measurement methods. For comparison purposes, wetting and drying SWCCs for silty soils [64] and residual soils from a flysch rock mass [87] are also shown. 






Figure 13. Experimental suction data ascertained from colluvial samples of the FVG region using both tensiometer and pressure plate measurement methods. For comparison purposes, wetting and drying SWCCs for silty soils [64] and residual soils from a flysch rock mass [87] are also shown.



[image: Geosciences 14 00115 g013]







 





Table 1. Grain size composition of the flysch-derived colluvial soils that were sampled at variable depths from the Sedilis landslide.
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	Eastern Scarp

Sample
	Depth

(m)
	Gravel

(%)
	Sand

(%)
	Silt

(%)
	Clay

(%)
	Silt/Clay



	C6
	0.50
	4.2
	17.5
	43.2
	35.1
	1.2



	C5
	1.70
	3.8
	18.8
	39.6
	37.8
	1.0



	C4
	1.88
	21.1
	26.5
	26.3
	26.1
	1.0



	C3
	2.16
	16.9
	19.7
	32.2
	31.2
	1.0



	C2
	2.76
	34.9
	12.3
	26.5
	26.3
	1.0



	C1
	3.72
	30.8
	19.0
	28.1
	22.0
	1.3



	Average
	
	18.6
	19.0
	32.7
	29.8
	1.1



	St. Dev.
	
	13.0
	4.6
	7.2
	6.0
	



	Var. coeff.
	
	70.0
	24.0
	22.0
	20.2
	



	Western Scarp

Sample
	Depth

(m)
	Gravel

(%)
	Sand

(%)
	Silt

(%)
	Clay

(%)
	Silt/Clay



	C10
	2.65
	32.5
	21.7
	24.1
	21.7
	1.1



	C8
	3.65
	30.6
	16.4
	28.5
	24.6
	1.2



	C6
	4.65
	43.0
	16.7
	22.1
	18.2
	1.2



	C4
	5.55
	27.1
	19.1
	28.0
	25.8
	1.1



	C2
	6.30
	38.3
	15.7
	22.8
	23.2
	1.0



	C0
	7.10
	32.3
	16.2
	25.0
	26.5
	0.9



	Average
	
	34.0
	17.6
	25.1
	23.3
	1.1



	St. Dev.
	
	5.7
	2.3
	2.7
	3.1
	



	Var. coeff.
	
	16.9
	13.1
	10.6
	13.1
	



	Borehole S7 Sample
	Depth

(m)
	Gravel

(%)
	Sand

(%)
	Silt

(%)
	Clay

(%)
	Silt/Clay



	C1
	1.88
	4.9
	40.9
	25.9
	28.3
	0.9



	C2
	2.53
	6.4
	31.0
	31.0
	31.6
	1.0



	C3
	3.70
	17.6
	18.0
	32.5
	31.9
	1.0



	C4
	4.28
	39.1
	18.1
	30.0
	12.8
	2.3



	C5
	8.10
	49.5
	25.8
	18.7
	6.0
	3.1



	Average
	
	23.5
	26.8
	27.6
	22.1
	1.7



	St. Dev.
	
	20.0
	9.6
	5.6
	11.9
	



	Var. coeff.
	
	84.9
	36.0
	20.1
	54.0
	










 





Table 2. Index properties of the colluvial soils sampled from the scarps of the 1998 Sedilis slide.
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	Eastern Scarp

Sample
	Depth

(m)
	Void Index

(–)
	Porosity

(–)
	Water Content

(%)
	Specific Gravity

(–)
	Bulk Density (nat.)

(kN/m3)
	Bulk Density (dry)

(kN/m3)



	C6
	0.50
	0.75
	0.43
	19
	2.65
	18.40
	15.41



	C5
	1.70
	0.74
	0.44
	28
	2.74
	19.36
	15.15



	C4
	1.88
	0.77
	0.47
	27
	2.69
	19.62
	15.46



	C3
	2.16
	0.92
	0.52
	28
	2.71
	18.65
	14.61



	C2
	2.76
	0.89
	0.51
	26
	2.70
	18.95
	14.98



	C1
	3.72
	0.66
	0.41
	22
	2.69
	20.40
	16.75



	
	Average
	0.79
	0.46
	25
	2.70
	19.23
	15.39



	
	St. Dev.
	0.10
	0.04
	3.5
	0.03
	0.73
	0.73



	
	Var. coeff.
	12.2
	9.4
	14.0
	1.2
	3.8
	4.8



	Western scarp

Sample
	Depth

(m)
	Void index

(–)
	Porosity

(–)
	Water content

(%)
	Specific Gravity

(–)
	Bulk density (nat.)

(kN/m3)
	Bulk density (dry)

(kN/m3)



	C10
	2.65
	0.71
	0.43
	24
	2.62
	20.21
	16.33



	C8
	3.65
	0.78
	0.45
	26
	2.74
	19.61
	15.61



	C6
	4.65
	0.59
	0.38
	22
	2.69
	21.17
	17.37



	C4
	5.55
	0.70
	0.43
	23
	2.70
	20.76
	16.47



	C2
	6.30
	0.75
	0.43
	28
	2.73
	19.78
	15.50



	C0
	7.10
	0.69
	0.42
	26
	2.75
	20.37
	16.21



	
	Average
	0.70
	0.42
	25
	2.70
	20.32
	16.25



	
	St. Dev.
	0.07
	0.02
	2.1
	0.05
	0.59
	0.68



	
	Var. coeff.
	9.2
	5.7
	8.4
	1.9
	2.9
	4.2










 





Table 3. Values of the residual friction angle of the colluvial soils sampled from the eastern and western lateral scarps and borehole S7.
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	E Scarp

Sample
	Depth

(m)
	Distance from Bedrock

(m)
	Clay Fraction CF *

(%)
	Plasticity Index PI

(%)
	Residual Friction Angle ϕ’r

(°)





	C6
	0.50
	3.22
	37.8
	18.7
	29



	C5
	1.70
	2.02
	40.1
	22.3
	25



	C4
	1.88
	1.84
	34.0
	17.6
	29



	C3
	2.16
	1.56
	41.0
	13.9
	23



	C2
	2.76
	0.96
	43.4
	18.9
	19



	C1
	3.72
	0.00
	36.1
	16.4
	17



	
	
	Average
	38.7
	18.0
	24



	
	
	St. Dev.
	3.4
	2.8
	5



	
	
	Var. coeff.
	8.9
	15.6
	21



	Western Scarp Sample
	
	
	
	
	



	C10
	2.65
	4.45
	38.0
	20.9
	26



	C8
	3.65
	3.45
	40.4
	16.8
	23



	C6
	4.65
	2.45
	38.2
	18.5
	19



	C4
	5.55
	1.55
	41.3
	15.4
	16



	C2
	6.30
	0.80
	44.9
	15.6
	16



	C0
	7.10
	0.00
	47.0
	17.4
	17



	
	
	Average
	41.6
	17.4
	20



	
	
	St. Dev.
	3.6
	2.1
	4



	
	
	Var. coeff.
	8.7
	11.8
	21



	Borehole S7 Sample
	
	
	
	
	



	C1
	1.88
	14.10
	32.4
	15.6
	28



	C2
	2.53
	13.50
	36.2
	19.6
	24



	C3
	3.70
	12.30
	41.5
	19.1
	24



	C4
	4.28
	11.70
	24.8
	14.9
	23



	C5
	8.10
	7.90
	14.2
	13.8
	30



	
	
	Average
	29.8
	16.6
	26



	
	
	St. Dev.
	10.6
	2.6
	3



	
	
	Var. coeff.
	35.7
	15.6
	12







* Clay Fraction of the reconstituted samples subjected to torsional residual shear tests.













 





Table 4. Values of the peak and residual friction angle of the colluvial samples, measured with the Casagrande direct shear box.
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	Sample
	Depth

(m)
	Peak

Friction Angle

ϕ’P (°)
	Peak

Cohesion

c’P (kPa)
	Residual

Friction Angle

ϕ’r (°)
	Residual

Cohesion

c’r (kPa)





	Eastern scarp—C1
	3.72
	38
	6
	33
	0



	Western scarp—C0
	7.10
	33
	11
	31
	0










 





Table 5. Results of the variable head permeability test (oedometer) performed at different consolidation pressures on colluvial samples collected from the 2014 scarp.
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	2014 Scarp

Sample
	Depth

(m)
	Vertical

Pressure

σV (kPa)
	Vertical

Permeability

KV (m/s)
	Horizontal

Permeability

KH (m/s)





	0
	0.5
	13
	-
	2.7 × 10−6



	0
	0.5
	25
	-
	1.9 × 10−6



	0
	0.5
	50
	-
	1.1 × 10−6



	1
	1.5
	13
	4.5 × 10−6
	-



	1
	1.5
	25
	4.1 × 10−6
	-



	1
	1.5
	50
	3.0 × 10−6
	-



	3
	1.8
	13
	1.1 × 10−5
	7.0 × 10−6



	3
	1.8
	25
	9.7 × 10−6
	6.3 × 10−6



	3
	1.8
	50
	8.5 × 10−6
	4.9 × 10−6



	7
	3.8
	25
	-
	5.1 × 10−6



	7
	3.8
	50
	-
	3.4 × 10−6



	7
	3.8
	100
	-
	9.6 × 10−7



	8
	3.8
	25
	8.0 × 10−6
	8.5 × 10−6



	8
	3.8
	50
	5.7 × 10−6
	5.1 × 10−6



	8
	3.8
	75
	3.6 × 10−6
	3.4 × 10−6










 





Table 6. Values of the vertical permeability of colluvial soils determined with Shelby (field) and oedometer (laboratory) steel cylinders at low lithostatic vertical pressures.






Table 6. Values of the vertical permeability of colluvial soils determined with Shelby (field) and oedometer (laboratory) steel cylinders at low lithostatic vertical pressures.





	2014 Scarp

Sample
	Depth

(m)
	Vertical Pressure

σV (kPa)
	Vertical Permeability

KV (m/s)
	Type of Test
	Method





	9
	0.5
	2
	1.2 × 10−4
	In situ
	variable head



	9
	0.5
	2
	7.0 × 10−5
	Laboratory
	constant head



	8
	3.8
	2
	7.8 × 10−5
	In situ
	variable head



	8
	3.8
	2
	7.7 × 10−6
	Laboratory
	variable head










 





Table 7. Average grain size composition of flysch-derived colluvial soils from the literature.






Table 7. Average grain size composition of flysch-derived colluvial soils from the literature.





	Reference
	Gravel (%)
	Sand (%)
	Silt (%)
	Clay (%)





	Logar et al. 2005 [65]
	27
	25
	40
	8



	Fifer Biziac and Zupančič 2009 [66]
	28
	12
	44
	16



	Petkovšek et al. 2013 [67]
	38
	17
	30
	15



	Meisina and Scarabelli 2007 [30]
	0
	14
	49
	37



	Carrubba and Del Fabbro 2006, 2008 [68,69]
	5
	20
	35
	40



	Peranić et al. 2020 [56]
	6.3
	10.4
	53
	30.3
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