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Abstract

:

With reference to two slow earthflows in structurally complex clayey formations of the Italian southern Apennines, this paper shows the results of a long-term displacement monitoring using integrated systems of inclinometers and GPS, and their comparison with PSInSAR data. A fixed-in-place and traversal inclinometer system, first installed in 2004, recorded both the shear displacements along the slip bands, and the internal deformations of the landslide masses. A GPS network of permanent stations and benchmarks, installed in 2006–2007 in 23 strategic points of the slope, allowed for the temporal continuity of displacement monitoring. The two long series of data allowed to evaluate the factor scaling of the PSInSAR COSMO-SkyMed data, although the component of the displacement vector along the line of sight (LOS) was small. PSInSAR data allowed for the monitoring extension to houses and rigid structures that acted as reflectors. The joint data analysis allowed for the comprehension of the main features of the landslides’ kinematics.
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1. Introduction


Earthflows in structurally complex clayey formations [1] are widely diffused in the Italian Apennines. Earthflows are the second most common type of landslides in wide hill and mountain areas of the northern Apennines, where they prevalently occur in argillaceous lithologies [2]. The widespread diffusion of earthflows in clayey and flysch sequences has been reported for some areas of the southern Apennines by Revellino et al. [3] and Pellegrino et al. [4] who, in an area of 70 km2, recognized 484 landslides, 95% of which were of the earthflow type.



Earthflows are frequently characterized by alternate phases of surges and very slow movements or quiescence [5,6,7,8]. In very slow conditions, an almost steady-state motion occurs, with limited seasonal variations, generally due to changes in pore water pressures [9,10,11,12,13]. Many very large earthflows remain in a dormant state for many decades, allowing roads and buildings to be built on them [6]. The aim of studies such as that presented in this paper is to identify the main landslide mechanisms, which can give an indication of triggering factors and possible effective mitigation measures. To this aim, the monitoring of displacements plays a fundamental role. However, due to the very slow movements, a long monitoring period can be necessary. Comprehensive and long monitoring can be achieved by combining different methods: airborne LIDAR and aerial photographs [14,15], radar interferometric technologies (DiNSAR), and Global Positioning System (GPS) [16,17,18], inclinometers and DiNSAR with GPS data [19] or topographic measurements [20], DiNSAR and statistical elaboration [21].



With the aim of enriching the technical database on very slow earthflows, and analyzing their kinematics, this paper presents some experimental results on the displacements of two clayey landslides occurring in the Costa della Gaveta slope, close to the city of Potenza, Italy: the homonymous Costa della Gaveta earthflow, and an earthflow occurring in the western sector of the Varco d’Izzo landslide system (Figure 1 and Figure 2). The movements of both the landslides are very slow; however, they cause severe damage over time to houses and infrastructure. Some houses must be evacuated, and the highway and railway must be continuously monitored and frequently maintained. To reduce the landslides’ risk, since 2005 the slope is monitored by systems of piezometers and tensiometers, inclinometers, GPS stations, total stress cells [22,23,24], distributed fiber-optic strain sensors [25], and other systems specific for the chemical characterization of the subsoil [23,24].



In this paper, the displacement data of the long-term monitoring carried out by a large number of traversing and fixed-in-place inclinometer probes are reported together with those obtained by continuous GNSS (Global Navigation Satellite System) stations and discrete GPS surveys. The data integration provides a 15-year uninterrupted robust displacement series. Furthermore, interferometric PSInSAR satellite data are examined. The spatial and temporal extension of the dataset allowed the construction of the field of displacement rate and the evaluation of its evolution.




2. Geological and Geomorphological Outline


The landslides under examination occur in the southern slope of the Costa della Gaveta hill, on the left flank of the Basento river valley, east of Potenza city (Figure 1).



The geological structure of the hill is mainly linked to Miocene orogenic transport that deformed the Mesozoic Lagonegro successions, creating wide folds with the axis approximately oriented NS, EW. The folds are truncated by faults EW and thrusts along the eastern and western flanks of the main mountains [27,28]. The tectonic phases of Pliocene and Pleistocene resulted in further folds truncated by a high angle fault system with Apennine and anti-Apennine orientation [29]. The complex fault system also involved the Costa della Gaveta hill, and the outcropping sequence of Variegated Clay and Corleto Perticara formations [30,31]. The two formations present a high degree of fractures and joints and are cut by a system of faults with NW–SE orientation intersecting a system with NE–SW orientation.



The Variegated Clay Formation (Upper Cretaceous–Lower Miocene), first described by Ogniben [30], is comprised of a succession of chaotic, heterogeneous, severely tectonized scaly clays and marly clays, passing upwards to calcareous marls, calcilutites, and calcarenites. These terrains outcrop from the top to the bottom of the slope, where they are covered by the Quaternary deposits of the Basento river alluvial terraces. The Corleto Perticara Formation (Eocene–Oligocene), first described by Selli [31], which is partially heteropic to the terrains of the Variegated Clays, consists of alternating layers and benches of marly limestone, and massive calcilutites with both plane-parallel and wavy laminations. Between the two geological formations, a transition zone outcrops (Figure 1), constituted by different lithological horizons, where limestone and calcareous marl layers progressively prevail on marl and clay layers [32].



The Costa della Gaveta and Varco d’Izzo earthflows are a mixture of the materials of the two formations: a clayey matrix incorporates rock fragments, blocks, and disarranged strata of marly limestone and calcarenite. The fine matrix controls the landslides’ behavior; its clay fraction c.f. ranges between 25% and 50%, illite–muscovite, and kaolinite are the main mineral components. The liquid limit wL ranges between 50% and 100%. The residual friction angle of the clayey matrix ranges between 6° and 13°, depending on the clay fraction, clay mineral composition, and pore fluid composition [24]. The systems of faults have most likely influenced the first slope failures and the subsequent evolution of the landslides [24,32].



The main body of the Costa della Gaveta earthflow develops along the NW–SE fault (Figure 1). In the source zone, markedly depleted, localized erosion, rock falls, slides, and earth-debris flows periodically occur along the NE–SW fault, and feed the main landslide body [24,32]. This latter is characterized by an average inclination of about 10°, approximately 900 m length, 100 to 600 m width, and a maximum slip surface depth of about 40 m (Figure 3); the landslide volume is approximately 3 × 106 m3. According to Guida and Iaccarino [5], who analyzed a large number of landslides in the Basento river valley, and Urciuoli et al. [6], this landslide is one of the earthflows of the valley which has had three key stages. After a first stage A characterized by mobilization and flow, and a second stage B of flow within a well-defined lateral shear surface, the earthflow is currently in a slow–extremely slow sliding phase (stage C). A similar long-term evolution of active earthflows is described by Mackey and Roering [14] for a different geological context.



East of the Costa della Gaveta earthflow, and in the same geological formations, the Varco d’Izzo landslide system develops. It is a huge and complex system (Figure 1) characterized by approximately 1.5 km maximum width. The system consists of several minor unstable bodies including slides (of earth, rock blocks, and even olistolites up to some 10 m), and earthflows. The main earthflow, in the western and most urbanized zone [33,34], develops along a NW–SE fault almost parallel to that of Costa della Gaveta. It is characterized by an average inclination of about 10°, approximately 1250 m length, 150 to 300 m width, and multiple slip surfaces (Figure 3). In the accumulation, a local slide occurs in correspondence to a bend of the Basento river.




3. Inclinometer Measurements


3.1. Methods


Inclinometers were installed to determine the magnitude, rate, direction, depth, and time evolution of the landslides’ deformations and movements [35]. The inclinometer system consists of 20 devices, installed from 2004 to 2018, which recorded data over different time intervals in each zone depending on the displacement rates. At the end of 2004, 11 boreholes were drilled to 50 m depth, i.e., well below the potential zone of movement suggested by borehole-core interpretation, and equipped with inclinometer casings. Further tubes were installed all over the monitoring period to replace those that had gone out of use for excess of displacements. Possible random or systematic errors were minimized by following recommended procedures for installation, measurement, and data processing [36,37]. Traversing servo-accelerometer probes with a precision of 1 mm per 20 m were used. Readings were generally taken in steps of 0.5 m (equal to the distance between the two spring-pressured wheels) and of 0.1 m in correspondence to concentrated deformations [22]. The spiral correction was verified to be unnecessary. In some boreholes (I9, I9b, I12, I12b), after the slip surface had been detected by discrete inclinometer surveys, fixed-in-place probes with automated data acquisition equipment were installed. The casings were mainly installed along the longitudinal axes of the earthflows’ bodies (Figure 2 and Figure 3). Some of them were installed along the transversal sections (Figure 4).




3.2. Results


Figure 3 reports the longitudinal sections of the two landslides hypothesized from inclinometers. Figure 4a shows the cumulative displacement profiles determined in some boreholes in the same transversal section of the Costa della Gaveta earthflow. The inclinometer profiles show that the tube deformations are concentrated in a thin band—which is considered to correspond to the slip band—and the internal deformations are negligible. A thickness of the band of about 0.5 m was inferred from inclinometer readings in 0.1 m steps. In I9c, close to the lateral landslide channel which collects superficial water, and probably because of the consequent higher water content of the 3 m thick cover, the highest internal deformations among the profiles of this landslide occur [22]. Notwithstanding this, concentrated sliding along a thin slip band is still the prevailing movement. Analogous profiles were provided by all the inclinometers of the landslide, consistently with data reported in the literature for the slow/extremely slow stage of this type of landslides [5,6,7] and of shallower earthflows [38,39,40].



Figure 4b, which shows some displacement profiles along the longitudinal axis and some transversal sections, shows that the displacement rates decrease in the downslope direction, whereas the depth of the slip surface and the area of the transversal sections increase. The transversal sections were reconstructed following Di Maio et al. [41], by generating the slip surface by two families of planes. The planes interpolate the ground surface of the flanks of the landslide channel and intersect the inclinometer verticals in correspondence to the depth of failure.



Figure 5a,b, which reports respectively the cumulative deep and superficial displacements against time, illustrates that the differences between the two sets of data are small, i.e., internal deformations are negligible. Both the figures show an almost linear time trend of displacements, with the average slopes of the time series, i.e., the average displacement rates, decreasing in the downslope direction.



The inclinometer profiles of the Varco d’Izzo earthflow (Figure 6) indicate the presence of two main slip surfaces, important internal deformations, and displacement rates higher than those of the Costa della Gaveta earthflow. The longitudinal section BB’ intercepts several inclinometers which indicate multiple slip surfaces (Figure 3). In correspondence to the railway tunnel, two slip surfaces were detected, at the depths of about 20 m and 40 m, respectively. The earthflow develops along the shallowest slip surface [42]. In the accumulation, in correspondence to the entrance of the railway tunnel, and of a bend of the Basento river, a local landslide occurs. Figure 7, which reports the displacements against time recorded in several inclinometers installed since 1993, shows the variability of displacement rate from place to place and along a single vertical. The inclinometer I1, in the accumulation, provides a sufficiently long series with almost constant yearly displacement rates on both the slip surfaces.





4. GPS Data


4.1. Methods


In 2006, GPS benchmarks were installed for the measurement of surface displacements by means of discrete surveys and, one year later, were integrated with continuous GNSS (cGNSS) stations (Figure 2).



The first network of 10 benchmarks surveyed using GPS technique was installed in 2006 in various zones of the slope and annual campaigns were carried out. Following the first inclinometer results, 6 cGNSS stations were installed in some sectors to better understand the kinematics of the landslides. They were installed in July 2007 and are still in use. In total, 17 benchmarks have been installed so far, with 14 still in use.



The reference permanent station (master) was installed on the top of the hill, in an area considered stable, upslope from the landslides. It consists of a dual-frequency GNSS receiver and a choke ring antenna. Its position is periodically controlled relative to permanent stations of the EUREF network. Figure 8 shows its displacement trend and those of two other permanent stations of the same Region in the IGS14 coordinate system, which is consistent with the movement of the Southern Italian Apennines [43].



Three permanent stations were installed on concrete columns (F1, F3, F5), one on a concrete wall (F2), and one on a building (F4) with shallow foundations [44]. These permanent stations are equipped with a dual-frequency geodetic antenna. Continuous data, recorded at a 30 s sampling rate, are automatically transmitted to the head office of ISPRA. Here, the quality of raw data is controlled, RINEX files are created and the daily displacements, relative to the master station, are provided as an output by the Leica GPS Spider software. In this paper, the RINEX data available in 24 h batches were reprocessed to obtain three component daily positions. GPS data were reduced using the NASA Jet Propulsion Laboratory (JPL) GIPSY-OASIS II software. Precise point positioning mode was applied to the ionospheric-free carrier phase and pseudo-range data [45] using JPLs final fiducial-free GPS orbit products. Ambiguity resolution was applied using the wide lane and phase bias (WLPB) method, which phase-connects individual stations to IGS stations in common view [45]. Resolving ambiguities significantly reduces the scatter mostly in the east component time series. The ocean loading was computed from the FES2004 tidal model coefficients provided by the Ocean Tide Loading Provider [46] and applied as a station motion model. Satellite orbit and clock parameters were provided by JPL, which determined them using a subset of the available IGS core stations as tracking sites. The fiducial-free daily GPS solutions were aligned to IGS14 [47] by applying a daily seven-parameter Helmert transformation (three rotations, three translations, and a scale component) obtained from JPL [45].



The discrete GPS surveys, carried out in static mode, use the top of inclinometer tubes by an adapter constructed ad hoc [44], rigid walls (CS01 and CS14), and low concrete walls (CS13, CS06, and CS12). During the surveys, several geodetic receivers are employed using a 3D forced centering system in order to warrant the repetitiveness of measurements. The static positioning technique was used, with three site occupations and at least six hours’ acquisition. The data processing was performed using Bernese software version 5.2 [48] and the coordinates of the stations were obtained by constraining some EUREF permanent stations with a processing strategy for regional GPS networks. The average precision (RMS) achieved was 2–4 mm and 5–10 mm for the horizontal and vertical components respectively.



In order to increase the monitoring points in the most urbanized zone of the earthflow, close to inclinometer I3 and GPS F3, the displacements of 8 benchmarks installed on rigid structures were evaluated, by a polar method, elaborating the data obtained by an electronic theodolite (Kolida KTS 445) with 0.1″ angular resolution and 2 mm ± 2 ppm/km linear precision.




4.2. Results


The GNSS system provided data almost continuously since its installation. Figure 9a,b shows a good agreement, in the overlapping monitoring period, between GPS displacements and surface inclinometer displacements obtained in the same areas. The GPS data can thus be used to extend the displacement time series when inclinometers go out of use. In particular, it is worth noting that the GPS F3 allowed for the monitoring of the fastest zone of Varco d’Izzo earthflow after the inclinometer I3 went out of use. Its displacement rate is similar to that of inclinometer I3 and also to the rates detected by the topographic surveys (Figure 9b).



The available GPS data are shown in Figure 10 for the two landslides. The curves show that: the stations upslope from the highway are slightly decelerating (F3, F5, GPS8); those downslope from it are undergoing displacements with constant yearly rates (F1 and F2) or with slight acceleration (F4). Some stations (GPS CS06, GPS4) have not moved in the last 4 years. Seasonal data oscillations have affected the GPS stations installed on concrete columns with shallow foundations, reasonably due to seasonal swelling/shrinkage of the foundation soil [49].





5. PSInSAR Data and Comparison with GPS and Inclinometer Data


COSMO-SkyMed satellite PSInSAR data are available for the area from 2011 to 2014. They were processed within the PST-A: a high precision plan of remote sensing of the Italian Ministry of Environment [50]. Such data provide the displacement component along the satellite line of sight (LOS) which in this case is approximately WE and related to an SN ascending orbit. Since the landslides’ displacements are approximately NS, just a small component of the total displacement is visible by the satellite and thus the displacement rates range between very low values and are rather dispersed (Figure 11). However, the availability of the long inclinometer and GPS data series makes it possible to evaluate the conversion factor from the LOS component to the horizontal displacement. The evaluation is based on the hypothesis that: (a) the azimuth of the scatterer displacement is the same as that of the closest inclinometer or GPS station, and (b) the inclination of displacements to the horizontal is 10°, i.e., equal to the slope inclination. Based on these assumptions, and considering the local characteristics of the satellite observation (i.e., azimuth and inclination to the horizontal of the LOS and the pass being ascending), the conversion factors were estimated by trigonometric calculations, following Di Maio et al. [20]. Their values are quite high (approximately from 3 to 5 depending on the considered zone), and even a 5° azimuth difference implies a variation of up to 40%.



The PSInSAR data, referred to as CSK data in the following, were analyzed in detail for the zones “a”–“j” of Figure 11. For the zones “a”–“d”, they are compared to the GPS and inclinometer data in Figure 12. In the Costa della Gaveta landslide, a very good agreement of data can be observed (Figure 12a,b). In the Varco d’Izzo landslide, practically the same displacement rate is inferred in zone “c” from the two types of data (Figure 12c). In zone “d”, located between the highway and the railway tunnel, the displacement rates from CSK data are slightly higher than that of GPS F2 (Figure 12d) and rather uniform (Figure 13a).



The CSK data, having been validated by GPS and inclinometers, can be used to obtain information in the areas where other data is limited, such as zones “e–“h”. Figure 13b–e, which reports displacements against time, show linear time trends corresponding to horizontal displacement rates between 1 cm/y and 6 cm/y.




6. Displacement Field


The field of the average rates of superficial displacement evaluated in the monitoring period was obtained by using all the available inclinometer, GPS, and PSInSAR data (Figure 14). The results of the topographic measurements are also reported. Figure 14, as a whole, shows the main kinematic features of the two earthflows.



The yearly average displacement rates in the Costa della Gaveta earthflow determined by inclinometer, GPS, and PSInSAR data are all consistent with each other, both in value and time trend. On the basis of inclinometer profiles (Figure 4), the superficial displacement rates can be also considered representative of the deep displacement. So, the rate field reported in Figure 11 can be considered representative of the movements of the entire landslide body all over the 15-year monitoring period. The displacement rates range from a few cm/y to a few mm/y, decreasing in the downslope direction and becoming negligible in the accumulation. The movement seems continuous along the main axis. The soil discharge crossing the different transversal sections of the landslide can be evaluated from the curves of soil volumes of Figure 15. The volumes were obtained by multiplying the areas of the sections (Figure 4) by the corresponding inclinometer displacements (Figure 5) assumed uniform in each section. The curves relative to the sections through the different inclinometers are very close to each other (Figure 15a). Thus, it seems reasonable to hypothesize a mechanism of movement at constant soil discharge in the landslide channel. The average soil discharge is provided by the slope of the line interpolating the volume series. Figure 15b shows that the Costa della Gaveta earthflow accelerates during rainy periods, with a fast response to rainfall. The way by which this occurs was evaluated experimentally by Di Maio et al. [13]. The correlation between displacement rates and rainfall was quantitatively derived by Vassallo et al. [51].



The displacement rates of Varco d’Izzo reported in Figure 14 include the movements along the deepest slip surface; however, these latter are negligible percentages of the total displacements (Figure 6 and Figure 7) and thus the rate field of Figure 14 can be considered representative of the earthflow kinematics. The high levels of anthropogenic modification in this sector do not allow for detailed observation and analysis of the earthflow kinematic zones as in Parise [52] and Guerriero et al. [8]. Nevertheless, the rate field of Figure 14 allows for the identification of three zones which move with different characteristics: (1) the upper zone around I5 and I6 where the displacement rates are in the order of about 1 cm/y; (2) the zone around I4 that underwent negligible displacements over the monitoring period; (3) the lower zone between I3 and the river, where the average yearly displacement rates ranged between 7 cm/y and 1 cm/y along the main longitudinal axis, first decreasing and then increasing in the downslope direction. The overall behavior of the latter zone is probably influenced by the interaction of the landslide with large concrete structures such as retaining walls on deep pile foundations, overpass, tunnel, and buildings. In particular, the zoom from inclinometer I3 to the Basento river (Figure 14b) shows that the displacement rates decrease approaching the railway tunnel, and then increase downslope from it. This latter, which contrasts the earth movements, is a shallow tunnel re-built in 1992, protected by two sheet pile walls of contiguous piles, 1 m diameter of and 20 m length, crossing the upper slip surface. The structure, monitored by distributed fiber-optic sensors, underwent negligible deformations in the observation period [25], consistently with the inclinometer data. The zoom of Figure 14 also shows that the direction and rate of the movements in the landslide foot are influenced by the pronounced bend in the Basento river, where a local slide also occurs.




7. Conclusions


The movements of the Costa della Gaveta and Varco d’Izzo earthflows are very slow; however, they cause severe damage to houses and infrastructure. The comprehension of the main features of the landslides’ kinematics is vital for the definition of mitigation measures, and is pursued in this work by a composite monitoring system. A long-term displacement monitoring carried out by inclinometers and GPS stations along with PSInSAR and topographic data allowed for reciprocal data validation, spatial and temporal extension of the dataset, and elaboration of a field of displacement rate.



The Costa della Gaveta landslide, an earthflow in a very/extremely slow sliding phase, is characterized by well-defined kinematic features. All over the monitoring period, the soil moved in a well-defined regular track, along a fault line. The displacement rates decrease from a few cm/y in the head zone to a few mm/y in the accumulation. The variation of the displacement rate along the longitudinal axis can be attributed to the geometry of the landslide channel, characterized by large depth and width variations along its axis. The general mechanism of movement corresponds to constant soil discharge along the main track. The average yearly displacement rate was almost constant over the monitoring period, with a slight decrease in the last few years. Seasonal variations overlap the regular general trend. As a remedial measure, a system of deep drains intercepting the slip surface [13,53] is currently under study.



In the case of the Varco d’Izzo landslide system, multiple slip surfaces, internal deformations, and ruptures give the landslide more complex features. The homonymous earthflow occurs along a fault parallel to that of the nearby Costa della Gaveta earthflow. The movement along the longitudinal axis is heterogeneous. The most urbanized zone of the earthflow is also the fastest, with yearly displacement rates ranging between 7 cm/y and 1 cm/y. The variations seem to be influenced by the interaction with the built environment and with the Basento river. Stabilization of the river bank as a remedial measure is currently under study.
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Figure 1. Geological map of the Costa della Gaveta earthflow (redrawn from [24]), and the Varco d’Izzo landslide system (redrawn from [26]). 
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Figure 2. Costa della Gaveta and Varco d’Izzo earthflows and location of inclinometers, GPS stations and benchmarks, and area of topographic measurements. 
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Figure 3. Sections AA’ and BB’ with inclinometers of recent and past surveys, depth of failures, and hypothesized slip surfaces. 
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Figure 4. Costa della Gaveta earthflow: inclinometer profiles I9, I9b, and I9c (a); longitudinal section with inclinometer profiles relative to the same time period and transversal sections (b). 
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Figure 5. Time series of cumulative deep displacements AB (a) and superficial displacements AD (b) of Costa della Gaveta landslide, obtained from inclinometer data. 
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Figure 6. Inclinometer profiles I1 and I3 (a) and longitudinal section of the lower Varco d’Izzo earthflow (b). I3 went out of use in a year along the shallower slip surface, when the displacements on the deeper slip surface were small (as visible in the zoom relative to the profile of December 2005). 
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Figure 7. Deep and total displacements in different areas of the Varco d’Izzo earthflow, obtained from inclinometer data (redrawn from Di Maio et al. [42]). 
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Figure 8. Displacement time series in the IGS14 coordinate system of the master station and two other permanent stations located in the same sector of the Southern Italian Apennines: MATE (operated by ASI—Italian Space Agency) and TITO (operated by CNR—National Research Council of Italy). 
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Figure 9. Comparison of: inclinometer and GPS data of Costa della Gaveta earthflow (a); inclinometer, GPS, and theodolite data of Varco d’Izzo earthflow (b). 
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Figure 10. Displacements of GPS stations and benchmarks of Costa della Gaveta (a) and Varco d’Izzo (b) earthflows. 
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Figure 11. Average rates of the line of sight (LOS) displacement of monitored scatterers in the period May 2011–March 2014 evaluated from COSMO-SkyMed ascending data. 
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Figure 12. Comparison of displacements obtained from PSInSAR data, GPS, and inclinometers in zones (a), (b), (c), and (d) of Figure 11. 
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Figure 13. (a) LOS displacement rate against latitude along DD’; (b–e) LOS displacement time series of the groups of scatterers “e”–“j” (location in Figure 11). 
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Figure 14. Vectors of average rates of horizontal displacements obtained from inclinometer, GPS, and PSInSAR data in the period May 2011–March 2014 and from topographic measurements carried out in 2010–2011 (a); zoom (b) and longitudinal section (c) of Varco d’Izzo earthflow accumulation. 
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Figure 15. Costa della Gaveta earthflow: volumes of soils, with an indication of the average soil discharge Qs, crossing the transverse sections through the inclinometers (a), and comparison with cumulative rain (b). 
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