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Abstract

:

Monitoring changes in soil saturation is important for slope stability analyses. Soil moisture capacitive sensors have recently been developed; their response time is extremely fast, they require little maintenance, and they are relatively inexpensive. The use of low-cost sensors in landslide areas can allow the monitoring of large territories, but appropriate calibration is required. Installation in the field and the setting up of the monitoring network also require attention. In the ALCOTRA AD-VITAM project, the University of Genoa is involved in the development of a system, called LAMP, for the monitoring, analysis and forecasting of slides triggered by rainfalls. Multiple installations (along vertical alignments) of WaterScout sensors are placed in the nodes of the monitoring network. They provide real-time water content profiles in the shallow layers (typically in the upper meter) of a slope. With particular reference to these measurements, the present paper describes the reliability analysis of the instruments, the operations related to the sensor calibration and the installation phases for the monitoring networks. Finally, some of the data coming from a node, belonging to one of the five monitoring networks, are reported.
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1. Introduction


Rainfall affects the stability of natural slopes, excavation fronts and loose material works, such as embankments. Rainwater infiltration increases the degree of saturation and pore-water pressure, which results in reduced shear strength.



In evaluating the landslide susceptibility of a territory, the local hydrological and soil chemo-mechanical properties/conditions and their variability (both in space and in time) are particularly important.



In general, the unsaturated zone can be monitored by measuring the suction and/or water content. The measurement of suction may be rather problematic [1], while the measurement of (volumetric) water content with sensors, based on the measurement of the soil’s dielectric permittivity, appears to be more feasible. Capacitive type sensors respond “immediately” to changes in soil moisture, require moderate maintenance, and are relatively inexpensive, but a more laborious calibration is required [2,3].



The use of low-cost probes allows the monitoring of large portions of territory, providing continuous and real-time data at various depths in order to define soil moisture profiles. By combining these measurements with rainfall, piezometers and displacement data, recorded as continuously as possible, hydrological and geotechnical analyses can be conducted properly.



Since there is no simple relationship between rainfall and the hydraulic conditions of the slopes at the depths where the sliding surfaces develop, the measurement of the surface moisture conditions of the soil is interesting for the study of landslide phenomena [4,5] in combination with physically based analysis models. The evaluation of the water content allows the analysis of the soil’s behaviour from a hydrological point of view and the study of the mechanical performance under partial-saturation conditions. Experiments have shown how the degree of saturation affects shear strength, compressibility and stiffness in the range of small strains [6,7].



The measurement of water content may also be useful for the study of vegetation cover; it is well known that vegetation modifies the soil’s strength [8,9,10], as well as the hydrological balance [11]. Therefore, the measurement of soil moisture is very important for the analysis of natural and artificial slopes in partially saturated soils [12,13,14].



As part of the project AD-VITAM (Analysis of the Vulnerability of the Mediterranean Alpine Territories to natural risks), a cross-border cooperative project financed within the Interreg V-A France–Italie, ALCOTRA 2014–2020, the University of Genoa has developed a system, called LAMP (LAndslide Monitoring and Predicting), for the analysis and forecasting of landslides (more specifically, soil slides) triggered by rainfalls [15,16]. LAMP comprises an Integrated Hydrological–Geotechnical model [17], fed by a Wireless Sensor Network (WSN), including capacitive sensors for soil moisture measurements.



The AD-VITAM project aims to improve the resilience of territories in the face of the risk of landslides induced by rainfalls, bringing together the skills of research groups with those of the involved local technicians. Within the project, five sites have been chosen in which to apply the LAMP system; four of them are located in the province of Imperia (Liguria, Italy), and the fifth is in the PACA Région, Provençal area (France). All of these sites have slope-instability phenomena, triggered by rainfall. When equipping the sites with the LAMP system, practical support is offered to the local authorities, who oversee the territorial planning and public safety.



In the present paper, particular attention is devoted to the soil moisture sensors, the monitoring network’s installation phases, analysis of the instruments’ reliability, and operations related to the calibration of the sensors.




2. Materials and Methods


LAMP is based on an Integrated Hydrological–Geotechnical model, hereinafter referred to as an IHG model, and a low cost, self-sufficient, remotely manageable monitoring network that feeds the IHG model, allowing quasi-real-time analyses.



The following brief description of the LAMP system anticipates a focus on soil water content sensors. This research not only highlights the behaviour of such sensors in relation to certain rain events but also provides fundamental indications for following research aimed at improving the response of the instruments, the interpretation of the obtained data and the installation procedures. The main research activities, including the field tests, installation on site, sensor calibration and feeding of the IHG model are illustrated in Figure 1 in chronological order.



2.1. LAMP—LAndslide Monitoring and Predicting


LAMP makes it possible to assess susceptibility to landslides (specifically, debris and earth slides) in the event of measured or expected precipitations, establishing a cause–effect link between rainfalls and landslides. It is based on the IHG model [18], which is physically based and developed in a Geographic Information System (GIS) environment. The IHG model is designed to analyse areas of a few square kilometres in a short period of time, so that the response of the site under examination can be assessed in quasi-real time according to the monitoring data (the rain history, temperature and water content).



The characterization of a site requires knowledge of the stratigraphy, physical and strength parameters, permeability and piezometer measurements.



The modelling is three-dimensional, both geometrically and in terms of geotechnical and hydrological parameters; these, in particular, are spatially distributed by appropriate methods of interpolation/extrapolation on data from surveys and in situ monitoring [19]. For any studied site, a 3D model is implemented in the GIS environment. Its surface is discretized in pixels, typically 5 m × 5 m, i.e., the resolution of the Digital Terrain Model from which the upper surface of the model is generally obtained. The model is bounded below by a surface, which usually corresponds to the bedrock or a stable layer. Additional internal surfaces can be inserted to identify several soil layers.



The groundwater table is also modelled, and can fluctuate according to weather conditions; its fluctuations are evaluated by hydrological balance. In fact, the landslide volume is divided into a series of three-dimensional elements hydraulically considered to be like underground reservoirs. The model is fed by the rainfall, which can vary in both space and time [20]. Each discretization cell is studied as a reservoir, where the infiltrated rainwater enters to exit by downhill seepage and evapotranspiration.



For a given rainfall event (Figure 2), the amount of infiltrating water is calculated using the Modified CN Method (the Soil Conservation Service Curve Number method was first published in 1956 [21]). For this estimation, it is fundamental to know the land cover and soil moisture conditions three days before the analysed rainfall event. In fact, the hydro-mechanical and meteorological conditions preceding a rainfall event are very important [22,23] in the slope response.



The stability analysis is based on the global limit equilibrium method applied to each three-dimensional element. In analogy to [24] and other models in the literature [25,26,27,28], it is assumed that the failure surface is parallel to the ground plane. In the IHG model, this assumption is made for each volume element, whose stability conditions are evaluated at different depths (typically per meter) until the bedrock or a stable layer is reached, thus defining the sliding surface characterized by the minimum safety factor value. The sliding surface can be shallow or even tens of meters deep [19,29], depending on where the conditions most unfavourable for stability are identified, cell by cell. The overall sliding surface can be irregular, since the volume elements may have different geometrical and physical–mechanical characteristics, variable in both depth and time. For instance, the soil water content and vegetation, affecting the slope response, are variable in space and time. The role of vegetation in the stability of shallow unsaturated soils is significant from the hydrological and mechanical point of view. It can be taken into account even by simplified approaches in limit-equilibrium analyses [30], as the IHG model does.



The final products are maps of susceptibility to landslide failure (in raster format), both for measured and, if needed, forecasted rainfalls. The obtained maps are based on the spatial variation of the safety factor.



Within the AD-VITAM project, the IHG model is currently adopted for the analysis of five sites. Many analyses have already been carried out in relation to numerous past rainfall events on a daily scale, correlating the observations made on site by piezometers and rain gauges in order to calibrate the parameters of porosity and permeability to better capture the rise/fall phases of the water table as observed on site.



The low-cost, self-sufficient, remotely manageable monitoring network that feeds the IHG model comprises temperature and soil water content sensors; rainfall data are collected by rain gauges or meteorological radars, eventually integrated with other innovative techniques [31,32]. Moreover, Global Navigation Satellite System (GNSS) receivers are installed on poles fixed to the ground in order to check if the most critical areas, according to the IHG modelling, are actually subject to displacements. Obviously, direct validation is not possible, as the IHG model assesses the stability conditions through a global limit equilibrium method.



There are many reasons why soil moisture sensors are used in the LAMP system:




	(1)

	
The IHG model applies the Modified Curve Number Method (SCS 1972–1975) to calculate the amount of infiltrating rain. As mentioned above, the CN value depends on the land use and “antecedent soil moisture condition”. Therefore, the measurement of the water content in the soil allows the hydrological balance to be determined.




	(2)

	
The IHG model evaluates the slope stability conditions by a three-dimensional limit-equilibrium analysis. The measurement of the soil water content profile over time is useful for the evaluation of the stresses and the characterization of the mobilized soil strength in the shallow layers. In fact, partial saturation conditions influence the effective stresses, the mechanical behaviour of the soil [33,34] and, consequently, the stability conditions of a slope [35]. Therefore, measurements of soil water content are adopted in geotechnical stability analyses.




	(3)

	
The monitoring of the water content in the soil can also be useful for the analysis of soil moisture conditions immediately after emergencies. In fact, landslide risk conditions may persist long after the officially issued alert has ceased. By monitoring the soil water content (provided that the sensors have not been damaged during the emergency), it would be possible to understand when people, subjected to removal, can return to their homes safely.









Moreover, soil water content plays a crucial role in a wide variety of biophysical processes, such as seed germination, plant growth and nutrition. It affects water infiltration, redistribution, percolation, evaporation and greenery transpiration. Hence, for a proper description of the behaviour of the upper soil layers and, not least, for bio-engineering countermeasures to mitigate landslide risk, the assessment of soil moisture is also important.




2.2. Soil Water Content Sensors


Since much Italian territory is subject to soil landslides, the possibility of using easily replaceable/relocatable, autonomous, remotely controllable and low-cost sensors for monitoring widespread areas is particularly appealing. Obviously, the sensors have to be suitable for environmental monitoring (be little affected by temperature, salinity, soil texture, etc.) to guarantee satisfactory accuracy, precision and ease of use with their acquisition/release systems.



Focusing on the field measurement of soil water content, the monitoring network, recently installed in some of the sites defined in the abovementioned project, has been equipped with WaterScout capacitive probes (for details, see https://www.specmeters.com/weather-monitoring/sensors-and-accessories/sensors/soil-moisture-sensors/sm100), whose unit cost is about 75 Euros. They appear to be particularly suitable for monitoring soil slide areas and allow multiple installations (at different shallow installation depths, generally less than one meter) at each node of the settled networks. Figure 3 shows the main devices of the monitoring network, and Figure 4 shows the WaterScout SM100 used in relation to the FieldScout Soil Sensor Reader. Today, a complete soil moisture network consisting of five measurement nodes (with four WaterScouts per node) costs approximately 5000 euros in total, of which 30% relates to the sensors. These instruments are designed for agriculture, to optimize irrigation automation in plantations; however, with them having undergone considerable development, they have aroused interest in other fields of application. In civil engineering, for instance, they are suitable for hydrological–geotechnical analyses, as shown in this paper. It is worth pointing out that although the assembly of the monitoring system is relatively simple, its installation in a natural environment requires some care.



The described sensor provides both instantaneous and continuous volumetric water percentage readings, depending on whether the instrument is associated with the FieldScout Soil Sensor Reader rather than the Sensor Pup and, therefore, the monitoring network. The readings taken by the sensors and made available by the SensorPups and the FieldScout Soil Sensor Reader are based on the calibration curve provided by the manufacturer. Unfortunately, the type of soil on which this calibration was originally performed is not known because it is not declared by the manufacturer. Therefore, an appropriate experiment was carried out to evaluate the reliability of the WaterScouts and determine the soil-specific calibration laws.




2.3. Drill&Drop Probe and Sensor Distribution in the Test Field


Between 2018 and 2019, the University of Genoa carried out some research aimed at ascertaining the reliability of the WaterScouts SM100, based on a comparison between this sensor’s response and the data provided by the capacitive probe Drill&Drop (Sentek Sensor Technologies), considering the latter as a reference tool.



The Drill&Drop probe (Figure 5) is a multi-capacitive probe (it has, in fact, one sensor per 10 cm of its length), which allows the measurement of the water content along a vertical alignment in the soil. It was previously studied in the laboratory [36], but being rather expensive, it was not used for monitoring the project sites.



Over a period of about three months, the two sensors (Drill&Drop and a set of WaterScouts) were installed close to each other, to monitor the evolution of the soil moisture profiles in a test field, up to a depth of about 90 cm below ground level.



The test field was monitored with eight WaterScouts, suitably identified by numbers and arranged along two verticals up to a depth of 85 cm, connected to two Sensor Pups (called PUP3 and PUP4), communicating with a Retriever. The WaterScouts used during the installation were selected by laboratory tests aimed at checking the validity of their responses. On that occasion (as well as in subsequent measurements in the test field), a type of signal drift occurred. This phenomenon was clearly appreciable in the laboratory when the sensors were immersed in water. In fact, each sensor was analysed in distilled water, i.e., in a medium with constant moisture, and, despite this, variation (sometimes even significant) in the sensor response was often observed. Subsequent analyses investigated the drift of the signal in water, attributable to the progressive formation of small air bubbles on the surfaces of the sensors.



The WaterScouts installed in the test field and the related Drill&Drop reference sensors, as well as their depths below ground level, are shown in Table 1.



The test field, for reasons of opportunity and accessibility, was set up in a site that, unfortunately, had rather peculiar soil properties. The first 30 cm consisted of soil, whose characteristics are indicated in Table 2, below which there was extremely heterogeneous landfill material containing stones, parts of bricks and small concrete debris. With reference to the latter portion of soil, it would have been necessary to define an appropriate calibration law for the Drill&Drop probe. Such calibration was not carried out, since the experiment with the Drill&Drop probe was only preliminary and preparatory for the experiment performed specifically for the WaterScout sensors installed on site.




2.4. Calibration Procedure


As specified in [1], one of the main limitations of the capacitive sensors is the operating frequency, which appears to be around 70–80 MHz. This makes the response of the moisture sensors very sensitive to the presence of clay in soils, for which a clear deviation of the calibration curve from that in standard soil conditions is expected. Therefore, instrument-specific calibration is required to overcome this limitation.



The soil-specific calibration was carried out on samples taken very close to the verticals passing through the nodes of the monitoring network. The calibration is still in progress or, even, to be carried out for some of the five monitored sites.



In Section 3.5, attention is focused on the monitoring network installed in Ceriana-Mainardo, next to whose nodes soil samples were taken (in analogy with what was done for the other sites) for the pertinent sensor calibration discussed here.



Since a large number of soil samples was required for the calibration of the sensors (about ten for each site), it was decided to reduce the costs by using equipment much more economical than a classical one. Samplers made from PVC-UH pipes (diameter, 110 mm; thickness, 0.4 mm) were equipped with special elements made of steel: a distributing crown to be mounted on top of the sampler and an inner-flush lower ring with a cutting edge, to facilitate the sampler’s penetration into the soil with hammering (Figure 6) and to avoid the breakup of local samplers.



At the site of Ceriana (Liguria, Italy), more precisely, in the Mainardo locality (very close to the main village), sampling had already been carried out near to all of the five nodes of the installed network.



In the laboratory, with the extracted soil samples, we proceeded with:




	(1)

	
The geotechnical characterization of the soil: the grain size, porosity, particle density and gravimetric water content;




	(2)

	
The determination of soil-specific calibration curves; soil moisture sensors provide data in terms of the volumetric water content    θ V    [%], which is related to the gravimetric water content  w  [%] through Equation (1)











   θ V  = w ·    ρ s     ρ W       



(1)




where    ρ s      is the dry soil density (given by the ratio of dry soil mass to the relevant volume);    ρ W      is the density of water;  w  is the gravimetric water content (given by the ratio between the mass of water in the soil to the mass of dry soil).



The procedure adopted for the calibration, with reference to each given sample moisture content, varied to obtain a calibration curve, can be summarized as follows:




	(1)

	
A portion of soil is placed in a container (Figure 7a) with known mass (Tare) and internal volume (V);




	(2)

	
The soil and container are weighed (Figure 7b) so that the wet sample density    ρ  w e t     can be calculated by Equation (2), where    m i    is the difference between the mass of the wet soil and container assembly, and the Tare.


   ρ  w e t   =    m i   V     



(2)








	(3)

	
Four WaterScouts are inserted into the sample (Figure 8), and the raw data of the soil water content are collected from each sensor by the FieldScout Soil Sensor Reader.




	(4)

	
A portion of the sample is then taken for the measurement of the gravimetric water content  w , which allows the dry mass of the sample    m s    to be determined with Equation (3); the apparent soil density    ρ s    is determined by Equation (4).


   m s  =    m i    w + 1      



(3)






   ρ s  =    m s   V     



(4)













This procedure makes it possible to calculate, by means of Equation (1), the volumetric water content of a specific sample and to record the raw data associated with it, as the averages of the four output data of the sensors used in Step 3. The repetition of the above steps on soil samples with different moistures produces a series of data useful for determining the correlation between the raw data and soil moisture content.



It is appropriate, however, to highlight some fundamental aspects related to the nature of the raw data or the output voltage Vout of the sensors. First, it varies depending on the supply voltage Vin of the sensors, which ranges from 3 to 5 V, and the device one decides to connect to the instrument. In fact, while the Sensor Pup supplies the sensors with an input voltage of about 3 V, the FieldScout Soil Sensor Reader supplies the sensors with that of about 5 V; consequently, the output voltages measured by the two devices are different.



Nevertheless, through an analysis of the A/D converters of the devices, it was possible to define the relationship between the two raw data.


  R A W   S e n s o r   P u p    [  m V  ]  = 0.73 ·   R A W   F i e l d S c o u t    [  m V  ]   



(5)







Please note that the actual raw data used in calibration are not the Vout readings but the Vout/Vin ratios. The statistical characteristics of Equation (5) will be discussed in Section 3.2.




2.5. Field Installation


The field installation of the monitoring network starts with an inspection aimed at choosing the points at which to place the sensors and the devices necessary for transmission and reception. The Retriever must be able to pick up the radio signals of the Sensor Pups distributed in the area, and the Modem linked to it must connect to a GSM operator that ensures reliable network coverage. Therefore, the choice of the node locations necessarily depends both on the presence of a small area in which the sensors can be inserted and on the radio signal cover; the latter can be evaluated by connecting the Retriever to a PC via a USB cable and using the appropriate Retriever/Pups interface.



With reference to each measuring node, the sensors are installed in the ground at different depths in order to describe the vertical moisture profile in the upper 90 cm.



There are two main modes of installation. The fastest one involves inserting each sensor vertically at the desired depth through a pre-installation hole (Figure 9). If this operation is hampered by the presence of stones/pebbles or by meeting a particularly compact soil level, it is necessary to opt for horizontal installation from a trench front (Figure 10).



For the insertion of the WaterScouts in the ground, a PVC pipe is used; the sensor is pushed into the soil along the full probe length, being inserted at the pipe end opening, while its wire exits from the other side; the pipe is then removed when the sensor is properly set.



Whichever installation method is chosen, the sensor surfaces must be in full contact with the soil. Sometimes (especially if the soil to be penetrated by the sensor is particularly stiff), the cuttings, coming out during the drilling phase, are applied directly on the surface of the instrument, which is then simply inserted at the bottom of the pre-drilled hole without pushing, in order to avoid the rupture of the sensor. The functionality of any installed sensor must always be immediately checked, by using the FieldScout Soil Sensor Reader.



The vertical installation involves, after the positioning of the sensors, the application of a certain quantity of dry bentonite in the upper part of the drilled hole, then moistened by pouring water from the top, to seal the installation hole to avoid preferential infiltration paths for the surface runoff water.



Horizontal installation requires the insertion of the WaterScouts in horizontal pre-holes a few centimetres deep. In this case, it is not necessary to use bentonite. Despite this, the opening of a temporary excavation is needed, and once installation is complete, the subsequent backfilling alters the initial conditions with reference to water circulation. Therefore, before backfilling, it is necessary to apply a waterproof sheet on the excavation front where the sensors have been installed.



As mentioned, the Sensor Pups distributed in the area are powered by 5 V solar panels, while the Modem is connected to the power net with a transformer, although it is also possible to power it with a solar panel. The Retriever is powered by the Modem itself, through the same AUX cable used for the data transmission.



The monitoring devices are installed in a natural environment. Therefore, it is advisable to use protective sheaths coated with corrugated aluminium to prevent wild rodents from damaging the sensor cables. It is also advisable to complete the installation of the Sensor Pups and attached sensors with the construction of a small protective fence that locally surrounds the control unit support pole.



The described measuring instruments do not conflict with other monitoring devices in field, such as the GNSS used to acquire the surface displacements.



It is worth noting that the procedures relating to the calibration and field installation of the water content sensors defined by us take into account what is indicated in the Sentek Tec. and Spectrum Tec. manuals [37,38,39,40].




2.6. Case Studies


In July 2019, the inspections to decide the monitoring network nodes on the AD-VITAM project sites began (Figure 11a). Between November and December 2019, the monitoring networks at Mendatica and Ceriana-Mainardo (Figure 11b) (Italy) were completed, while the installation in Vence (France) was concluded in February 2020.



To establish the positions of the nodes, all the Sensor Pups (five for each landslide site) were activated so as to enhance the radio signal, determined by the “bridge” effect between the different control units distributed over the area. The instruments were provisionally fixed on telescopic support poles, which were placed in the planned points for ascertaining the connection between the nodes. Furthermore, it was necessary to find a suitable point for the positioning of the Retriever. Although the installation points can be chosen in advance through analysing the cartography of the territory, it is not wise to forgo a field evaluation. In fact, the nodes must be positioned so as to allow good data transmission. Once the location of the nodes was established, how to install the WaterScout sensors according to the soil properties was decided.



The deposits found in Mendatica showed the presence of boulders and particularly dense soil layers, which have repeatedly hindered the insertion of the sensors at the provided depths. Hence, at two of the five installation points, it was necessary to carry out horizontal insertion. On the contrary, the Ceriana site presented favourable installation conditions, with the exception of a single point, where the soil layers below 70 cm became very stiff, such that one of the sensors broke. The realization of the pre-holes for the installation of the WaterScouts is also useful for determining if sampling near the node will be simple. Finally, the Vence site in France (Figure 11a) presented favourable installation conditions. However, even though the deposits did not show a marked presence of boulders, the soil density was such as to contrast the sensor insertion. For this reason, it was decided to apply the soil cuttings directly on the sensor surfaces, as described above; the sensors were then vertically placed at the desired depth.



In the following, there will be exclusive reference to the results from the measurement node named C5 located in Ceriana, as the pertinent calibration of the WaterScouts had already been carried out. The soil water content measurements at node C5 (Figure 11b) will be linked to four rainfall events that occurred between May and June 2020.





3. Results


The following results are related to the behaviour of moisture sensors with the rainfall-induced changes in soil water content in the test-field scenario, described in Section 2.3. The results useful for the definition of Equation (5) are also described. Finally, some evaluations are reported of the characterization of the soil taken from one of the measurement nodes of the Ceriana-Mainardo site, as well as the results of the calibration described in Section 2.4 applied to it. Again, referring to the abovementioned node C5, the first water content measurements obtained through the described monitoring systems are then presented.



3.1. Results of the Preliminary Study on the Test-Field: Comparison between WaterScout SM100 and Drill&Drop Probe


The graphs in Figure 12 and Figure 13 compare the soil water content measurements made by the sensors during the rainfalls that occurred between 29 December 2018 and 19 March 2019 at the test field. It is worth recalling that the test field was characterized by a very shallow soil layer up to a depth of 30 cm (sparsely vegetated with grass) and extremely heterogeneous and heterometric landfill material (containing stones, parts of bricks and small concrete debris) below.



At first glance, the measurements obtained through the WaterScouts appeared to be significantly different from the moisture detected by the Drill&Drop probe, both in terms of the measured values and in terms of their variations. Drift of the signal was particularly evident at depths between 55 and 85 cm, where the soil was not significantly affected by water infiltration and evapotranspiration phenomena. Figure 14 (in accordance to [41]) shows the presence of a zone of almost constant moisture in relatively deep layers of soil and a relatively shallow zone, where a cyclic variation of moisture contents occurs. The profiles shown in Figure 14 are merely qualitative. In fact, the soil moisture profiles are influenced by the specific conditions of the site; they depend on many factors, including the characteristics and texture of the soil, the vegetation and the climate.



Figure 12 and Figure 13 show a substantial difference between the data measured by the two probes under examination. The response of the Drill&Drop sensors is quite flat, and this would have deserved further investigation. On the other hand, the measurements of the WaterScouts were not calibrated by a soil-specific law, suggesting the need to focus subsequent research on the laboratory calibration of the WaterScouts.



The measurements in the test field also indicate that close attention should be paid to the installation of sensors. Therefore, even greater care was dedicated to the subsequent installation of the sensors on site. In fact, correct installation and good soil–sensor contact are extremely important.



Since the WaterScouts are used in the monitoring networks, attention was focused on these probes, as shown in the following.




3.2. Results of the Study about the Relationship between the FieldScout Soil Sensor Reader and Sensor Pup Raw Data


Equation (5) is the result of a specific analysis of the FieldScout Soil Sensor Reader used during the calibration and installation phases. This analysis shows that the power voltage supplied by the instrument is a little more than 4 V and slightly lower than the maximum supply voltage of 5 V specified in the user manuals. Considering, therefore, the supply voltage of the Sensor Pup being equal to 3 V and 12-bit A/D conversion, Table 3 and Figure 15 show the relationship between the two raw data expressed by Equation (5), which perfectly fits the data with a coefficient of correlation R2 = 1. This approach led to a very precise relationship between the Sensor Pup and FieldScout raw data.




3.3. Results of the Characterization of the Soil Sampled in Ceriana-Mainardo for the Calibration Procedure


The described calibration operations were performed on the soil pertinent to a borehole realized at the node, called C5, of the monitoring network in Ceriana-Mainardo (Imperia, Italy). The landslide deposit is composed of heterogeneous and heterometric material.



The core samples, retrieved from the upper 60 cm of the soil, did not show substantial variability with depth. The calibration of the soil moisture sensors confirmed this observation. Therefore, it was decided to report the properties of a single portion of the extracted soil, representative of the material between 35.5 cm and 45.5 cm depth below ground level (Figure 16). This portion was extracted from the core sample, limiting the disturbance in order to evaluate the porosity n, the voids index e and, therefore, the relative density Dr (Table 4).




3.4. Calibration Results for the Soil Sample Taken from Ceriana-Mainardo


The first results of the calibration procedure for the soil at the node C5 in Ceriana-Mainardo (IM) are shown in Figure 17. By interpolating the data by linear regression, it is possible to obtain the calibration correlation shown in Table 5. Figure 17 also shows the comparison between the calibration function exposed in Table 5 and the relationship provided by Spectrum Tec., which is not linear. The validity range for the calibration function (named UNIGE CALIBRATION in Figure 17) expressed in Table 6 is   0.32 ≤    V  O U T      V  I N     < 0.47  .



Although the experimental data (Figure 17) suggest that two trends can be identified, a single calibration equation is introduced in the interest of simplicity, which represents the overall trend of the data. In fact, upon analysing other possible calibration laws (e.g., a segmented linear regression and second-degree polynomial curve), the results did not show any significant improvement compared to the simple trend line indicated in Table 5.




3.5. Rain Data and Water Content Measurements in Ceriana-Mainardo


In November 2000, Ceriana-Mainardo was subject to shallow instabilities, which particularly involved the Provincial Road n. 44 and the adjacent areas (Figure 18a). Geognostic investigations (continuous core drillings) and geotechnical and geophysical surveys were carried out. Laboratory soil characterizations, light dynamic penetrations (type Penny30), inclinometers and geophysical tests (seismic refraction alignments and down-holes), allowed the characterization of the subsoil sequences. Monitoring the site with piezometers and rain gauges made it possible to assess the water table fluctuations and occurring rainfalls, respectively.



The soil moisture monitoring network installed at the Ceriana-Mainardo site has been in operation since December 2019. At the WSN nodes, distributed as shown in Figure 18b, soil water content values are recorded every 5 min. Four measuring points were installed at each node. At node C5 (represented in Figure 11b), the sensors are placed at 10 cm, 35 cm, 55 cm and 85 cm below ground level. The sensors are similarly located in the other four nodes. All the sensors in Ceriana-Mainardo were installed vertically. Node C5 is shown in Figure 19a,b.



In Ceriana-Mainardo, two core samples were taken (similarly to how samples were taken in Mendatica and Vence). They were adjacent to each of the measuring nodes; only one sampler was broken on site. Figure 19c shows the sampling at node C5.



The measurements of the water content in the soil at node C5 during some rainfall events (Table 6, Table 7 and Table 8) are presented below; at C5, the steady water table fluctuates around 21 m below ground level. Figure 20a, Figure 21a and Figure 22a show the trends in water content measured at various depths. The represented soil moisture values were calibrated by the regression law indicated in Table 5 denoted by the acronym UNIGE. The graphs allow the understanding of how the water content varies over time at the four depths where the sensors are positioned. The rainfalls that occurred are also represented.



Figure 20b,c, Figure 21b and Figure 22b show the variations of the vertical moisture profiles obtained by the UNIGE calibration law. Three profiles are represented; they are referred to three time-windows: before the beginning of the rainfall (undisturbed conditions), immediately after the rainfall peak, and at the end of the event.



These first measurements (Figure 20, Figure 21 and Figure 22) appear encouraging and rather consistent with the hydrological processes on site. However, further measurements at C5 and the other nodes will allow a proper understanding of the water-content changes in the soil.





4. Discussion


The water content measurements reported in this paper were taken at a single node of one of the five sites studied in the AD-VITAM project (the C5 at Ceriana-Mainardo). These measurements correspond to a short period, since the monitoring network was installed a few months ago.



The measurements were suitably calibrated because of the experiments performed on the soil taken on site at this node.



The data obtained by the field measurements are encouraging. In fact, Figure 20a, Figure 21a and Figure 22a not only show good behaviour for the sensors, which continuously detect variations in soil moisture, but also indicate that no preferential infiltration paths were generated during the installation phases. In fact, as shown in those figures, the increases in water content do not occur immediately after the rainfall but are recorded a few hours after the rain peaks. Figure 20b,c, Figure 21b and Figure 22b clearly show the changes in water content at shallow depths when rainfall occurs. Thus, the measurements over time and soil water content profiles seem to capture the soil moisture dynamics, demonstrating their usefulness for describing the slope response to rainfalls.



Full analysis will be possible when water content measurements become available at all nodes and when the database becomes sufficiently rich and representative. All five sites will be equipped with the LAMP system by the end of 2020. This will allow the study of the response of the slopes to the rainfalls, both in real time (thanks to the WSN) and for prediction (if the short-term forecasted rains are considered), as well as improving landslide risk management, the design of mitigation measures and territorial planning [42].




5. Conclusions


The LAMP system was formulated for the analysis and forecasting of susceptibility to landslides triggered by rainfalls. It is based on an integrated hydrological–geotechnical model that is physically based and fed by a low-cost, self-sufficient, remotely manageable and easily replaceable/relocatable monitoring network. WaterScout capacitive sensors are positioned at sites potentially susceptible to landslides, at shallow depths (typically less than 1 m).



Knowledge of the near-surface water content over time is needed for hydrological and geotechnical analysis, the study of the hydro-mechanical contribution from the vegetation and, eventually, landslide risk mitigation with soil bio-engineering countermeasures. Additionally, the monitoring of the soil water content may be useful for analysing the soil moisture conditions immediately after emergencies, to determine when the risk conditions no longer exist.



This paper describes the installation phases for the monitoring networks, pinpointing the care needed in the choice of nodes, the arrangement of the sensors and, not least, the protection of the materials left on site. Particular attention has been paid to experiments conducted to evaluate the reliability of the used sensors and calibrate them. Soil-specific calibration was carried out in the laboratory on soil samples taken very near to the WSN instrumented verticals.



WaterScout calibration is very important. The WaterScout-SM100’s operating frequency range is 70–80 MHz, and relevant variations in the sensor response may occur, especially in clayey soils. A soil-specific calibration is particularly recommended, to take into account the characteristics and textures of the in situ soil.



Although most soil moisture sensors are sensitive to temperature and salinity, the WaterScouts are little affected by these factors [3], so they can be adopted for effective environmental monitoring.



Since these probes must be inserted into the soil and be in contact with it, their use is possible in soils that can be penetrated, and the immediate confirmation of full soil–sensor contact with a FieldScout Soil Sensor Reader is recommended. In fact, such a reading allows the operator to immediately determine if the sensor has made full contact with the soil; a measurement close to zero would indicate partial contact with the air.



These sensors, providing continuous and real-time data, are substantially low in cost, easily relocatable and replaceable. Moreover, a complete and remotely manageable soil moisture monitoring network is relatively inexpensive, does not require onerous preliminary operations and is not bulky or unsightly. A monitoring network made up of five measurement nodes can be installed by three expert operators in only 2–3 days.



The soil water content measurements, so far acquired by the recently installed monitoring networks, are very satisfying and encouraging. The integration of such monitoring system in the LAMP system may be useful for the analysis and prediction of landslides triggered by rainfalls and could be of real support in risk management.
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Figure 1. Chronological chart of the research activities. 
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Figure 2. Flow chart of the IHG model. 
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Figure 3. Flow chart of the monitoring network (Retriever & Pups Launch Utility: Version 1.2.7.3, Copyright 2016 Spectrum Technologies Inc., Aurora, IL, USA 60504). 
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Figure 4. (a) The WaterScout SM100; (b) The FieldScout pocket Soil Sensor Reader. 
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Figure 5. The Drill&Drop probe. 
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Figure 6. (a) Details of the specifically developed lower ring with a cutting edge; (b) The components as mounted on the sampler during on-site collection. 
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Figure 7. (a) Container; (b) Weighing of the wet soil sample. 
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Figure 8. (a) Insertion of the first moisture sensor into the wet sample; (b) Final arrangement of the four sensors. 
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Figure 9. Vertical installation: (a) Creation of the vertical hole; (b) Positioning of the WaterScout in the PVC pipe; (c) Insertion of the sensor in the hole. 
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Figure 10. Example of a horizontal installation. 
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Figure 11. (a) Location of Ceriana, Mendatica and Vence (map in WGS84); (b) Installed monitoring network. The nodes (red dots) are denoted by C1–C5. 
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Figure 12. Measurements by WaterScout n.54, n.70, n.21 and n.61 and by the pertinent reference sensors n.2, n.4, n.6 and n.9 of Drill&Drop for 29 December 2018 to 19 March 2019. 
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Figure 13. Measurements by WaterScout n.76, n.69, n.77 and n.78 and by the pertinent reference sensors n.1, n.4, n.6 and n.9 of Drill&Drop for 29 December 2018 to 19 March 2019. 
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Figure 14. Changes in soil moisture content: tree influence (summer) on the left and tree influence (winter) on the right. 
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Figure 15. Relationship between FieldScout Soil Sensor Reader and Sensor Pup raw data. 
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Figure 16. Grain size curve. 
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Figure 17. Comparison between the Spectrum Tec. calibration law (SPECTRUM CALIBRATION) and the soil-specific calibration law determined by the University of Genoa (UNIGE CALIBRATION). 
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Figure 18. Ceriana-Mainardo: (a) Landslide perimeter view overlapped in 3D; (b) Geological map. The landslide perimeter (red polyline) and the nodes C1–C5 (red dots) are reported. 
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Figure 19. C5 node: (a) Node identification and warning signboard; (b) Carrying and rising pole of both the Sensor Pup and the solar panel; (c) Soil sampling. 
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Figure 20. (a) May 2020 rainfall events and soil water contents; (b) Vertical soil moisture profiles 16 May 2020; (c) Vertical soil moisture profiles 17 May 2020. 
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Figure 21. (a) 3rd and 4 June 2020 rainfall events and soil water contents; (b) Vertical soil moisture profiles for the 3–4 June 2020 rainfall events. 
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Figure 22. (a) 13 June 2020 rainfall event and soil water contents; (b) Vertical soil moisture profiles Figure 13. of June 2020 rainfall event. 
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Table 1. Sensors tested in the field.
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WaterScout-PUP 3

	
WaterScout-PUP 4

	
Drill&Drop Sensors




	
Number

	
Depth [cm]

	
Number

	
Depth [cm]

	
Number

	
Depth [cm]






	
54

	
−16.0

	
76

	
−8.0

	
2 (for PUP3), 1 (for PUP4)

	
−15.0




	
70

	
−31.5

	
69

	
−31.5

	
4

	
−35.0




	
21

	
−58.0

	
77

	
−58.0

	
6

	
−55.0




	
61

	
−85.0

	
78

	
−85.0

	
9

	
−85.0
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Table 2. Characteristics of the test-field soil (the upper 30 cm). D50: mean grain diameter (50% sieve passing);    C u  =    D  60      D  10      : uniformity coefficient; Gs: specific gravity; n: porosity.
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Test Field: Soil Characteristics (z = 0 cm ÷ 30 cm)






	
D50 [mm]

	
1




	
Cu [−]

	
16




	
Average organic content [%]

	
7.8




	
Gs [−]

	
2.6




	
n [%] (z = −18 cm ÷ −28 cm)

	
43
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Table 3. Results of the A/D conversion.
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	RAW FieldScout [mV]
	RAW Sensor Pup [mV]





	1
	0.73



	500
	366.21



	1000
	732.42



	1500
	1098.63



	2000
	1464.84



	2500
	1831.05



	3000
	2197.27



	3500
	2563.48



	4096
	3000.00
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Table 4. Characteristics of the soil at C5. D50: mean diameter;    C u  =    D  60      D  10      : uniformity coefficient; Gs: specific gravity; e: void index; emax: maximum void index; emin: minimum void index; Dr: relative density.
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Ceriana-Mainardo C5: Characterization of the Soil (z = 0 cm ÷ 30 cm)






	
D50 [mm]

	
0.0679




	
Cu [−]

	
60




	
Gs [−]

	
2.6




	
e [%]

	
82.9




	
emax [%]

	
128.7




	
emin [%]

	
59.4




	
Dr [%]

	
66
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Table 5. Calibration function. R2: coefficient of determination; RMSE: root mean square error.
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	Equation
	Number of Data
	a
	b
	R2
	RMSE [%]





	    θ V   [ % ]  = a      V  O U T      V  I N     + b   
	122
	276.5
	−87.7
	0.92
	3.7
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Table 6. Characteristics of the 16–17 May 2020 rainfall events.
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CERIANA-370 m




	
Characteristics

	
16 May 2020 EVENT

	
17 May 2020 EVENT






	
MEAN INTENSITY [mm/h]

	
1.3

	
2.3




	
MAXIMUM INTENSITY [mm/h]

	
2.4

	
4.2




	
CUMULATE [mm]

	
8.8

	
11.4




	
DURATION [h]

	
7

	
5
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Table 7. Characteristics of the 3–4 June 2020 rainfall events.
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CERIANA-370 m, 3–4 June 2020 EVENT






	
MEAN INTENSITY [mm/h]

	
4.5




	
MAXIMUM INTENSITY [mm/h]

	
9.6




	
CUMULATE [mm]

	
80.0




	
DURATION [h]

	
18
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Table 8. Characteristics of the 13 June 2020 rainfall event.
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CERIANA-370 m, 13 June 2020 EVENT






	
MEAN INTENSITY [mm/h]

	
8.4




	
MAXIMUM INTENSITY [mm/h]

	
27.8




	
CUMULATE [mm]

	
67.4




	
DURATION [h]

	
8
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