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Abstract

:

To analyze the response to hydrological conditions of an instable slope in a structurally complex clay formation, the hydraulic conductivity of the subsoil was estimated and pore water pressures were monitored. Two types of field tests were carried out: falling head tests in the Casagrande piezometers and localized seepage measurements in test boreholes. The experimental data show that in a narrow band around the slip surface, the hydraulic conductivity is higher—more than two orders of magnitude—than that of the landslide body and of the stable formation. Furthermore, the data of a long-term monitoring by Casagrande piezometers and vibrating wire cells show that the response of pore water pressures to the site hydrological conditions along the shear band is far faster than in the landslide body and in the stable formation. The slip band seems largely connected to the atmosphere, and the water pressures in the band are correlated with the deep displacement rates of all the inclinometers crossing the active slip surface.
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1. Introduction


Earthflows are widespread in tectonized clayey turbidites of the Italian Apennines; complex and long processes control their evolution. After the first failure, phases of retreat of the alimentation zone, with consequent filling of the landslide channel, are followed by phases of channel emptying with formation and accretion of an accumulation. Typically, rapid movement rates alternate with long dormancy. During the very slow phases, the movements can concentrate on the shear surfaces with a slide character [1,2]. Furthermore, during very slow phases or quiescence, many of the instable areas, in the past, have been urbanized. Year by year, the deformations have accumulated, thus damaging buildings and structures like tunnels and bridges. Since the landslides often extend from the top of the hills or mountains to the river valleys, long linear infrastructures must inevitably cross them. Thus, railways, highways and pipelines need continuous maintenance with high social and economic costs. Public administrations and infrastructure managers often finance surveys and studies aimed at finding stabilization remedies or at least measures of risk reduction. In 2005 and 2010 the Administrative Basilicata Region and in 2011 and 2015 the Italian Ministry of Education, University and Research (MIUR), funded geotechnical studies on the Costa della Gaveta hill, east of Potenza city. Recently, the Italian railway company (Rete Ferroviaria Italiana) funded a further investigation aimed at risk reduction.



The hill slope on the left bank of the Basento river is affected by several types of landslides, among which the Costa della Gaveta landslide in the geological formation of Variegated Clay [3] is one of the most important for its extension and for the dense urbanization. The study of its behavior is also important because of the wide diffusion of similar landslides and geological formations in the Italian Apennines. In most cases, such landslides are influenced by the hydrological regime.



Several authors recognized the role of discontinuities as preferential flow paths that facilitate the propagation of pore water pressure associated to rain (among others, [4,5,6,7,8]). The influence of discontinuities on landslide behavior was also discussed by Hencher [9], Sharma & Nakagawa [10], and Krzerminska et al. [11], for a two-fold mechanism: faster pressure build-up and enhanced drainage. Vitone and Cotecchia [12] and Cotecchia et al. [13] considered fissures as an internal factor predisposing the slope failure from both mechanical and hydraulic points of view. Recently, Tagarelli and Cotecchia [14] carried out a coupled hydro-mechanical numerical analysis on the influence of discontinuities on the behavior of landslides in intensely tectonized clay formations. Ruggeri et al. [15] and Ruggeri et al. [16] also considered the role of discontinuities on the overall behavior of landslides.



The experimental results reported in this paper show that the relatively high values of hydraulic conductivity along the slip band and the connection of this latter to the atmosphere can be responsible for the kinematic response to rain of the Costa della Gaveta landslide. This hypothesis is supported by both the results of a long-term monitoring of pore water pressures in the landslide body, in the stable formation and in the shear band, and the results of permeability tests in the three different zones of the subsoil.




2. Costa della Gaveta Landslide


The landslide (Figure 1) develops on the southern slope of a hill, in the Basento river valley, where the Variegated Clay Formation (Upper Cretaceous—Lower Miocene) and the Corleto Perticara Formation (Upper Eocene—Lower Miocene) outcrop [17,18]. The Variegated Clay Formation is constituted by clays, marly shales, cherty marls and marly clays, gray and polychrome, with interbedded layers of calcareous marls, jasper, calcilutites, and turbiditic biocastic calcarenite with fossils and with chert. The Corleto Perticara Formation, first described by Selli [19], consists of alternating layers and benches of marly limestone and massive calcilutites with both plane-parallel and wavy laminations. The sequence of Variegated Clay and Corleto Perticara formations presents a high degree of fractures and joints due to the effects of contractive tectonics. Furthermore, the sequence is cut by a system of faults with orientation NW-SE intersecting a system with NE-SW orientation. The faults have probably influenced the first slope failure and also the subsequent evolution. Currently, the main landslide body develops along the NW-SE fault. In the alimentation zone along the fault NE-SW, localized erosion and rock falls, slides, and earth-debris flows periodically occur and feed the main landslide body [18].



The landslide presents a chaotic fabric with a clayey matrix incorporating rock fragments, blocks, and disarranged strata of marly limestone and calcarenite; the clayey matrix controls its behavior.



The clay fraction c.f. of the matrix ranges between 25% and 50% (Figure 2). Illite-muscovite and kaolinite are the main clay mineral components; locally, chlorite and smectite reach percentages of about 20% [20]. The liquid limit generally ranges between 50% and 80% but can reach values higher than 100%. The degree of saturation of the shallow soil cover (about 2 m thick) undergoes seasonal variations different from place to place in the slope. The average water content of the saturated zone decreases from about 25% in the landslide body to about 15% in the stable formation beneath (Figure 2). Di Maio et al. [17] argued that the shear strengths available on the slip surface are close to the residual values. The residual friction angle φ’r was evaluated by means of the Casagrande direct shear and the Bishop ring shear devices, obtaining a very similar result. Values in the range 6°−10° were obtained, depending on the clay fraction, clay mineral composition, and pore fluid composition [21,22].



The landslide body, with an average inclination of about 10°, is approximately 1250 m long, from 100 to 600 m wide; the maximum slip surface depth provided by the inclinometers is about 40 m (Figure 3) and the soil volume is about 3 × 106 m3. The landslide movements have been monitored by inclinometers since 2004, by GPS since 2006 [23], and recently by Cosmo SkyMed [24]. The interpretation of the experimental data (Figure 3 and Figure 4) suggests that: 1) sliding localized along a thin slip zone is the current prevailing type of movement, while internal shear strains are important in the shallow soil cover; 2) the displacement rate can be considered uniform in the cross sections of the landslide body; 3) the average yearly rates of deep displacements AB (Figure 3) can be considered constant over the monitoring time; 4) such average yearly rates decrease in the downslope direction. On the basis of inclinometer profiles and geomorphologic elaborations, Di Maio et al. [17] hypothesized that the soil volumes crossing in the unit time the transversal sections of the main track are very close to each other: i.e., the landslide moves in the main track with constant soil discharge.



According to Guida e Iaccarino [1], who analyzed a large number of landslides in the Basento valley, and to Urciuoli et al. [2], the Costa della Gaveta landslide is an earthflow that underwent a first stage of mobilization and flow (stage A), a second stage of flow within well defined lateral shear surface (stage B), and is nowadays in a phase (stage C) characterized by defined morphological features and movements, from slow to extremely slow, of slide type. A return to flow stages A and/or B is possible. According to the classification by Hungr et al. [25], the landslide can be defined as an earthflow which, at present, is in a slow, almost steady-state phase, with deformations concentrated on shear surface.



Within the linear time trend of yearly displacement rate, seasonal variations can be distinguished. Actually, the curves of cumulated displacements and cumulated rain exhibit very similar time trends (Figure 5). The existence of a correlation between rain and displacement rate has been shown by Vassallo et al. [26]. In the case under study, in which total stresses are practically constant, rain can affect the displacement rate through an influence on pore water pressures and thus on effective stresses [27]. This is not obvious because the slip surface is deep (up to 40 m) and the high clay fraction contributes to lowering the hydraulic conductivity. So, to have a deeper insight into the response of the landslide to hydrological processes, pore water pressures were monitored and the hydraulic conductivity was evaluated in several different locations of the landslide and at different depths from the ground surface.




3. Field Tests to Evaluate Hydraulic Conductivity


The hydraulic conductivity was evaluated by interpreting and modeling the seepage occurring in test boreholes used as pumping wells; localized measures of water flow were carried out all along the hole walls by means of a device constructed ad hoc. Furthermore, falling head tests were carried out by standard procedures (ASTM D5084) in all the Casagrande piezometers installed in the slope.



3.1. Localized Seepage Measurements in Pumping Wells


For localized water flow evaluation, 11 test boreholes Ki were drilled, in the landslide head in October 2015, crossing the slip zone (Figure 6 and Figure 7). The localized seepage measurements were performed in these boreholes by a permeameter constituted of a cylindrical cell of 7 cm diameter and 15 cm height, equipped with two sealing rubbers. The cell is mounted at the end of a series of hollow rods in which the galvanometric probe can be inserted (Figure 8a). During the test, the free water surface in the borehole is kept at a given depth, below the slip surface, until steady-state seepage conditions are reached in the borehole itself and constant hydraulic head is observed in the boreholes around it (up to about 10 days required). Once the steady-state conditions are achieved, the cell is installed at the desired depth and the elevation of the free surface of the inflowing water is monitored. The specific discharge draining from the well wall is thus evaluated.



Figure 7 shows the time trend of the specific discharge flowing in the cell installed at a depth of 8.8 m in the borehole K3. In this case, the test was repeated three times. It can be observed that: a) the test is highly repeatable, b) the specific discharge q, initially in the order of a few cm/h, decreases with considerable gradients for about 5 days and, after about 10 days, reaches a constant value. The tests were carried out with continuity along the height of the same borehole, and of other boreholes, thus obtaining the profiles of specific discharge in steady-state conditions shown by Figure 8b. Figure 8c shows also further experimental data relative to nonstationary conditions (about 10 hours from the beginning of the test), recorded in different seasons, consistent with the previous ones. All the data reveal that the greatest inflows occur in narrow bands about 0.2 m–0.5 m thick at depths varying with the boreholes between 7.5 m and 9 m. In this range of depths, the nearby inclinometer tubes undergo concentrated deformations (Figure 8d) which can be interpreted as due to the landslide displacements along the slip band.



The test processes were simulated by 2D, 3D, and axisymmetric models based on finite element and finite differences methods [28,29]. Values of thickness of the more permeable band between 20 and 50 cm were considered, hydraulic conductivities kf = 10−10 m/s for the stable formation, and value klb = 10−9 m/s for the landslide body were assumed (both values obtained by falling head test in the piezometers). The values of the band hydraulic conductivity ksb which allow the best modelization are in the range 10−7 m/s < ksb < 10−5 m/s. Thus, on the basis of this analysis, the slip band is much more permeable than the other zones of the subsoil, by some orders of magnitude.




3.2. Falling Head Tests in Casagrande Piezometers


Falling head tests were carried out in all the Casagrande piezometers installed in the slope, including the nearby Varco d’Izzo landslide system (Figure 6), in the same geological formation. After the results of the localized seepage measurements, some piezometers were also installed in the slip band. In each piezometer, the test was repeated several times in different seasons.



The results show that the equalization rate for the piezometers installed in the slip band is very high, both in the landslide head and in the channel, and it is higher than elsewhere (Figure 9). The interpretation of the tests was carried out by using the Hvorslev model based on the assumption of Darcy’s law validity and on the incompressibility of soil and water [30]. In the case of the slip band, the shape factor F relative to permeable layer between impervious strata (case 9 according to Hvorslev scheme) was considered.



Assuming the thickness of the slip band between 0.2 m and 0.5 m, the model provides values of hydraulic conductivity ksb in the range 10−7 m/s−10−6 m/s. Variations lower than an order of magnitude are obtained by using different reasonable F values. For the piezometers in the landslide body and in the stable formation, if F is considered relative to case 8 (uniform soil), the values of the hydraulic conductivity are about 10−9 m/s and 10−10 m/s respectively. Values of hydraulic conductivity in the slip band similar to those obtained by the Hvorslev model were obtained by using an axysimmetric FEM model (code GEO-SLOPE Ltd.). Figure 10 compares the values of hydraulic conductivity estimated by the two different types of field tests and also by laboratory test results. The latter were obtained by interpreting the oedometric consolidation curves with the Terzaghi one-dimensional model. As expected, the values relative to the small elements of soil are much lower than the field values, due to the great influence of fabric, inhomogeneity, and discontinuities that characterize the formation and, even more, the landslide. The figure shows that the results of the falling head tests are very similar to those obtained by seepage-pumping tests, and both types of data emphasize that the slip band is much more permeable, by some orders of magnitude, than the other zones of the subsoil.





4. Pore Water Pressures and Displacement Rate


Pore water pressures have been monitored since 2005 by the Casagrande piezometers and by some vibrating wire cells (Figure 11a). Recently, in 2018, new instruments have been installed (Figure 11b). The data can be represented all together, in the same figure, in terms of depth of water surface from the ground, as in Figure 11. The figure indicates small seasonal variations in water depth in the stable formation and in the landslide body. Even the electric cells installed at about 8 m and 4 m depth in the accumulation and in the head zone respectively of Costa delle Gaveta landslide do not show a seasonal response to rain. On the contrary, the piezometers installed in its slip zone (K4ter, K5ter, and P9D) indicate noticeable seasonal variations. Figure 12a reports the water surface depth in the Casagrande piezometers K4ter (8 m depth), K5ter (8 m), and P9D (25 m). The figure also reports the water surface depth in the open tubes K9 (30 m) and Ki (11−15 m) in the tests field. Although these latter values do not refer to localized measures, they can reasonably be considered representative of pore water pressure on the slip band because of the high band values of hydraulic conductivity, which are much higher than in the surrounding soil. As a matter of fact, the figure shows the good agreement of the time trend of all the data and gives an idea of the reduction with depth of rain effects. In fact, K4ter, K5ter, and Ki are located in the head of the landslide, where the depth of the sliding surface is about 8 m, whereas P9D and K9 are located in the middle of the landslide body, where the slip surface depth is about 25 m. Accordingly, pore pressures in Ki, K4ter, and K5ter oscillate more than in K9 and P9D. The modeling of the observed behavior is under examination.



The rates of deep displacements evaluated by fixed in place and mobile inclinometers are very low. Scaringi and Di Maio [21,22] showed that they vary in a range for which the laboratory test results show no influence on the soil residual friction angle. These low rates vary from a few cm/year in the head of the landslide to a few mm/year in the accumulation, responding to the hypothesized mechanism of constant soil discharge. The ratio between the rates in the different transversal sections is therefore roughly equal to the inverse ratio of the areas of the sections [17,31]. Figure 12b reports deep displacement rate against time in some different verticals. Each curve is represented by dividing the displacement rate by a constant which makes comparable the average yearly rates. It can be observed that, with the exception of the circled peaks, the rates’ variations are very similar to pore water pressure variations (represented by the grey envelope of piezometric head), thus showing the existence of a strong correlation between pore water pressures and deep displacement rates.




5. Discussion and Conclusions


Summing up, the long-term monitoring shows that the average yearly rates of deep displacements in the main channel of the landslide have been almost constant over the 15 years of monitoring. Over the linear average yearly trend, the weekly displacement rates have exhibited seasonal variations almost synchronic with those of cumulated rain. The permeability tests show that the slip band is rather permeable and it is the most permeable zone of the considered slope. Pore water pressures along the slip band respond to rain, suggesting that this permeable zone is connected to the atmosphere. The rate of deep displacements varies in phase with water pressure on the slip surface in all the inclinometers.



The correlation between displacement rates and rainfall was quantitatively confirmed by Vassallo et al. [26] by using a data-driven evolutionary modeling technique. The model links the series of data with polynomial relationships, the coefficients of which are optimized by a minimum square method. A rather strong correlation was found with contemporary rainfall, whereas the influence of past rainfall decreases exponentially with time. In the considered case, total stresses can be considered constant over the year, thus rain can influence the displacement rates through an influence on pore water pressures, i.e., on effective stresses on the slip surface. However, this latter is deep (up to 40 m) and the soil permeability is generally low.



In the literature, several attempts have been made to evaluate the depth effect for homogeneous slopes (e.g., [32,33,34]). In low permeability soils it seems reasonable to hypothesize a strong reduction of pore water pressure fluctuations. As a matter of fact, the piezometric data relative to the landslide body show that rain does not influence pore water pressures in the soil at even 4 m depth. However, the data show that pore water pressures vary quickly with rain on the slip band at 8 m depth in the landslide head (K4ter, K5ter) and even at 25 m in the channel (P9D). Thus, the slip band, which is shown to be the zone with the highest permeability, is physically connected to the atmosphere. Besides its intersection with the ground surface, the connection can occur by several types of discontinuities which make the response to rain faster.



The results of permeability and seepage tests show that preferential water flow occurs in the narrow band where the inclinometers undergo concentrated deformations. The modeling of the different types of permeability tests provides permeability values in the range 10−7 m/s < ksb < 10−5 m/s 10−10 m/s < klb < 10−9 m/s, 10−11 m/s < kf < 10−10 m/s, respectively in the slip band, in the landslide body, and in the stable formation. The continuous displacements along the slip band are probably responsible for an open fabric that facilitates water flow; however, the cause of a so large increase in the band permeability is currently under examination.



The time trends of the displacement rate and pore water pressures on the slip band are similar. This suggests that the experimental results obtained in two limited zones of the landslide are likely to occur in a large portion of the slip surface, sufficient to influence the landslide kinematics.



The consequences on landslides’ behavior of hydraulic conductivity inhomogeneties can be important. Urciuoli et al. [2,35] hypothesized that, due to the presence of discontinuities, the response of pore water pressures to rain in some parts of the landslides can occur faster and more intensely than in others, thus influencing the complex landslide kinematics. Vitone and Cotecchia [12] and Cotecchia et al. [13], while analyzing the instability processes in intensely fissured clays of the Southern Apennines, observed that fissuring can be considered an internal factor predisposing the slope to failure both for its effects on strength parameters and on the clay permeability. In fact, fissuring makes an increase of the pore water pressures down to large depths possible.



The existence of a more permeable slip zone must be kept in due consideration in the design of drain systems. For instance, in the case under examination, first calculations show that an effective drain system must intersect the slip band, otherwise rain can act faster than drainage [36].



Moreover, the first experimental results seem to show that the water flow along the slip band can also produce a reduction in the ion concentration of the pore solution, with possible negative consequences on the soil shear strength [37,38,39,40]. On the other side, recent results of field and laboratory experimentation show that an increase of given cations in the pore fluid can increase greatly and permanently the strength parameters on the slip band and can reduce creep movements [41,42]. The current and future research is directed to designing systems of drains reaching the slip surfaces integrated with systems of salt solutions’ wells.
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Figure 1. Geological map and axial section of the Costa della Gaveta landslide (redrawn from Vassallo et al. [18]). 
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Figure 2. Clay fraction c.f., water content w and liquid limit wL against depth from the ground surface. 
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Figure 3. Location of inclinometer verticals in the axial section and displacement profiles in some verticals. 
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Figure 4. Deep displacements AB against time. 
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Figure 5. Deep displacements AB and cumulated rain against time. The displacement series are divided by the constants indicated between brackets in the legend. 
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Figure 6. Map of the Costa della Gaveta slope with location of a test field, piezometers, open tubes, and boundaries of Costa della Gaveta landslide and east of it, the Varco d’Izzo landslide system. 
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Figure 7. Specific discharge flowing in the permeameter against time in the transient induced by water level drawdown in the borehole K3 at a depth of 8.8 m. 
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Figure 8. Scheme of the permeameter (a), profiles of specific discharge in: steady-state conditions (b), and after about 10 hours from the beginning of the test (c); displacement profiles of the nearby inclinometers (d). Figure 8b also shows the results of an axysimmetric FEM model (GEO-SLOPE). 
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Figure 9. Falling head tests by Casagrande piezometers: ratio between the depth of the current water surface, z, and of the equilibrium depth, z0, in: (a) the slip band; (b) the landslide body; (c) the stable formation. 
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Figure 10. Hydraulic conductivity in the different zones of the subsoil determined by different types of field test and by oedometer tests on undisturbed samples. 
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Figure 11. Water surface depth from the ground evaluated by different types of piezometers at different depths: (a) since 2004; and (b) since 2018. The letters C and E indicate the Casagrande piezometers and the electric vibrating wire cells respectively. For the latter instruments, an equivalent water surface depth was evaluated from water pressure data. 
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Figure 12. Piezometric head h evaluated in piezometers installed in the slip band and in wells crossing it (a), and time trend of deep displacement rates divided by the constant indicated between brackets in the legend (b). 
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