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Terraced landscapes represent one of the most widespread human-induced/man-made transformations of hilly-mountainous environments. Slope terracing produces peculiar morphologies along with unusual soil textures and stratigraphic features, which in turn strongly influence slope hydrology. The investigation of the hydrological features of terraced soils is of fundamental importance for understanding the hydrological dynamics occurring in these anthropogenic landscapes, especially during rainfall events. To this purpose, the availability of extensive field monitoring data series and of information on subsoil properties and structure is essential. In this study, multi-sensor hydrological data were acquired over a period longer than 2 years in the experimental site of Monterosso al Mare, in the Cinque Terre National Park (Liguria region, Italy), one of the most famous examples of terraced landscape worldwide. Monitoring data were coupled with accurate engineering-geological investigations to achieve the hydro-mechanical characterization of backfill soils and to investigate their hydrological response at both the seasonal and the single rainstorm scale. The results indicated that the coarse-grained, and anthropically remolded texture of the soils favors the rapid infiltration of rainwater, producing sharp changes in both soil volumetric water content and pore water pressure. Furthermore, the pattern of hydrological parameters showed seasonal trends outlined by alternating phases of slow drying and fast wetting. The study outcomes provide useful insights on the short and long-term evolution of hydrological factors operating in agricultural terraces. These findings represent a useful basis for a better understanding of the time-dependent processes that guide water circulation in terraced systems, which have a key role in controlling the occurrence of erosion and landslide processes.
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1 INTRODUCTION
Hilly and mountainous regions worldwide are notably prone to mass movements and erosion processes (Gutierrez et al., 1998; Dai and Lee, 2002; Guthrie and Evans, 2004; Crozier, 2006; Larsen, 2008; Harp et al., 2009; Coelho et al., 2011; Hungr et al., 2014). This primarily depends on the rugged and steep terrain morphology and on the fact that slopes typically are mantled by thin (from 0.5- to 3-m thick on average), loose and weathered soil/debris covers of various origin (e.g., eluvial-colluvial soils, pyroclastic soils, residual soils) (Dietrich et al., 1986). During intense rainstorms or rapid snowmelt, these materials become highly susceptible to landslides, mostly shallow failures (Fuchu et al., 1999; Cardinali et al., 2004; Guzzetti et al., 2004; Guadagno et al., 2005; Larsen and Wieczorek, 2006; Cevasco et al., 2013a; Schilirò et al., 2015; 2019; Giordan et al., 2017; Mandarino et al., 2021; Sepe et al., 2023). Failure initiation can be correlated to a wide range of destabilizing processes (Collins and Znidarcic, 2004; Lu and Godt, 2013; Bogaard and Greco, 2016), such as soil saturation due to the formation of a perched water table (Johnson and Sitar, 1990; Fannin and Jaakkola, 1999), slope-parallel or upward groundwater seepage (Iverson and Major, 1986; Crosta, 1998), matrix suction dissipation due to downward progression of a wetting front during rainwater infiltration (Rahardjo et al., 1995; Lacerda, 2007; Godt et al., 2008; Springman et al., 2013; Bordoni et al., 2015) and groundwater seepage mechanisms from fissures of the underlying bedrock (Freer et al., 2003; Guadagno et al., 2005; Cascini et al., 2008; Wooten et al., 2008).
Terraced slopes are one of the most widespread landscapes among hilly-mountainous environments, especially in regions where agricultural and rural activities have played, or still play, an important socio-economic role (Tarolli et al., 2014; Wei et al., 2016). Many of these anthropogenic landscapes are currently acknowledged as cultural heritage because of their historical and environmental value (Brandolini, 2017; Varotto et al., 2019). Terraces enable farmland activities in steep terrains, chiefly by modifying both slope morphology and hydrology (Arnáez et al., 2015; Moreno-de-las-Heras et al., 2019). The slope gradient reduction is obtained by cutting natural steep slopes to produce a step-like profile consisting of almost flat land strips limited by vertical or inclined risers. The excavated soil is employed as backfill material which can be sustained by dry-stone walls or by exploiting soil bioengineering solutions. Also, terracing works are coupled with artificial drainage systems (e.g., irrigation ditches, granular backfills placed directly behind walls). Accordingly, slope topography adjustment leads to a mitigation of both runoff and soil erosion processes, which in turn are accompanied by an increase in infiltration. This produces an increase in soil moisture content with both agricultural and ecological benefits (Stanchi et al., 2012). However, in case of intense rainfall, the progressive saturation of soils along with the development of critical regimes of pore-water pressures, can have negative consequences on slope stability (Crosta et al., 2003; Camera et al., 2012; 2014; Preti et al., 2018a). Moreover, backfill soils have been extensively remolded during slope terracing, producing unusual textural and stratigraphic features which can influence groundwater circulation (Gallart et al., 1997; Crosta et al., 2003; Cevasco et al., 2014; Preti et al., 2018a). The effects of hydrological processes coupled with the influence of other factors, such as loss of efficiency and effectiveness of dry-stone wall and drainage works due to lack of maintenance, or land use conditions, can make terraced systems particularly vulnerable to rainfall-induced instability issues (Crosta et al., 2003; Lesschen et al., 2008; García-Ruiz and Lana-Renault, 2011; Brandolini et al., 2018; Cambi et al., 2021). The occurrence of mass movements along agricultural terraced slopes can have serious consequences in terms of economic loss, also in terms of risk scenarios for infrastructures, settlements and people (Galve et al., 2016; Agnoletti et al., 2019; Giordan et al., 2020).
To effectively address the complex hydrological dynamics occurring in terraced systems, it is essential to investigate the hydro-geotechnical properties of soils and to acquire the longest possible monitoring data series. To this purpose, experiences from case studies concerning local and peculiar slope contexts (e.g., climatic, geological, geomorphological, pedological, etc.) are very useful in providing valuable sources of data that can contribute to the advancement of knowledge. In literature, examples of long-term monitoring of unsaturated terraced soils properties are rarely reported (Camera et al., 2012; Preti et al., 2018b; Nunes et al., 2018; Pijl et al., 2020; Schilirò et al., 2023).
This paper presents the results of more than 2 years of continuous monitoring of soil hydrological properties in a terraced site in the Cinque Terre National Park (north-western Italy). This strip of coastal land has been a UNESCO World Heritage Site since 1997 due to the environmental, historical and cultural significance of its human-modified landscape characterized by agricultural terraced slopes (Brandolini, 2017), which cover a large percentage (41%) of the entire park surface (38 km2) (Raso et al., 2021). The main goals of the present work are i) to provide the hydro-mechanical characterization of soils, showing coarse-grained and well-graded textures, which were anthropically reworked as backfill of agricultural terraces and ii) to investigate the hydrological response of terraced soils during either seasonal periods (i.e., following dry and wet phases) and intense rainstorms. The outcomes of this study are expected to provide a useful contribution to improve knowledge on hydrological processes developing in agricultural terraces.
2 GENERAL SETTING OF THE STUDY AREA AND OF THE MONITORING SITE
The study area is located in the easternmost part of the Liguria region (north-western Italy, La Spezia Province), within the small coastal catchment (3.2 km2) of the Pastanelli stream, which entirely flows within the municipality of Monterosso al Mare towards the Ligurian Sea (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) Location of the study area and of the monitoring site (base maps derived from a 20 m cell-size DEM, source: Istituto Superiore per la Protezione e la Ricerca Ambientale; orthophoto was taken by Regione Liguria in 2016). (B) Geologic map of the Pastanelli catchment: 1, Quaternary deposits; 2, Macigno Fm.; 3, Canetolo Shales and Limestones Fm.; 4, Monte Veri Shales Fm.; 5, serpentinites; 6, tectonic contact; 7, fault; 8, thrust (base maps derived from a 5 m cell-size DEM, source: Geoportale Regione Liguria). (C) Detailed view of the slope section where the monitoring station was installed (orthophoto was taken by Regione Liguria in 2016).
From a geological point of view, this coastal sector of Liguria corresponds to a segment of the Northern Apennine (Abbate et al., 2005), and it shows typical hilly-mountainous morphologies (Brandolini, 2017; Raso et al., 2021). Since 1999, this area has been included within the Cinque Terre National Park (Figure 1A), which encloses land portions belonging to five municipalities (i.e., Monterosso al Mare, Vernazza, Riomaggiore, Levanto and La Spezia). Within the Pastanelli catchment, the bedrock is primarily characterized by sandstone-claystone turbiditic successions (Macigno Fm., Tuscan Nappe, Upper Oligocene) and secondarily by sedimentary bodies mostly consisting of assemblages of shales and breccias (Monte Veri Shales Fm., External Ligurides, Campanian) (Figure 1B). Small outcrops mainly consisting of pelitic, calcareous and silty-arenaceous rocks (Canetolo Shales and Limestones Fm., Sub-ligurian Domain, Paleogene) and of ophiolitic shreds made up of serpentinites (Jurassic - Internal Ligurides Domain, Jurassic) complete the geology of the basin (Abbate et al., 2005). Geomorphologically, the catchment is characterized by a high relief energy, highlighted by steep slopes carved by a tight system of V-shaped valleys that are drained by steep and straight creeks (Raso et al., 2021). Slopes are mantled by shallow soils (typically <3 m-thick) deriving from the weathering of bedrock and from both gravity- and runoff-related processes (i.e., eluvial-colluvial deposits). Slope deposits have a prevalent sandy-gravel or gravelly-sand texture (Cevasco et al., 2013a; 2014; Scopesi et al., 2020). Over the centuries, slope materials have been largely reworked by humans across the basin due to agricultural terracing (Terranova et al., 2002; Brandolini, 2017; Pepe et al., 2019).
The monitoring site is located on the right side of a small secondary valley drained by a left tributary of the Pastanelli stream, in close proximity to the slope ridge (Figure 1C). Such slope shows the typical morphology and land use setting of the whole Cinque Terre area (Raso et al., 2021). It is a south-facing terraced slope which regularly descends towards the valley bottom with topographic gradients ranging between 20° and 40°; to the east, the slope is bordered by a small and straight stream of first order. The slope elevation varies between 205 and 90 m a.s.l., while the monitoring site is located at approximately 195–200 m a.s.l. The monitored site has an average gradient of approximately 27° along the longitudinal profile and it shows a step-like morphology connected to the presence of agricultural terraces sustained by 1.5–2.0 m high dry-stone walls. Terraces are cultivated with vineyards and orchards. Below the investigated site, land use is mainly characterized by abandoned terraces covered by both shrubs and forest tree species. Along this part of the slope, some morphological fingerprints (e.g., crowns, runout trajectories) of shallow landslides and debris flows triggered during the 25 October 2011 rainstorm are still visible (Cevasco et al., 2015a; Schilirò et al., 2018; Pepe et al., 2020). Around the monitored site, sparse bedrock outcrops, made up of alternation of thin bedded (5–20 cm) fine-grained sandstones and siltstones belonging to the Riomaggiore Banded Sandstones lithofacies (Macigno Fm), are present; the outcropping rock masses are both heavily fractured and weathered.
According to the Köppen climate classification (Köppen, 1884), the area of the Cinque Terre has a typical Mediterranean climate, indexed as Cs. This climate is characterized by dry summers with a high probability of drought and rainy winters with mild temperatures. Referring to the nearest weather station, installed just west of the Monterosso al Mare urban center, and to a data series available from 2005 to 2022 (Regione Liguria, 2022), the average annual temperature is 16°C, while the coldest month is January (9°C) and the hottest one is July (25°C). The average annual cumulated rainfall is 1,075 mm; the maximum average monthly rainfall values are in October and November (141 and 137 mm, respectively), whereas the minimum ones are in July and June (40 and 49 mm, respectively). During the autumn season, prolonged hot and dry periods can be followed by intense rainfall episodes that are often a source of significant ground effects (Cevasco et al., 2015a; Galanti et al., 2018; Raso et al., 2019).
3 MATERIALS AND METHODS
3.1 Field investigations
A combination of in-situ geotechnical and geophysical investigations was carried out to define a 2-D engineering-geological ground model across the monitoring site. Field tests were executed along an alignment, oriented roughly parallel to the local dip direction of the slope, whose trace passes through the monitoring station (Figure 2A).
[image: Figure 2]FIGURE 2 | (A) Location of geotechnical and geophysical field investigations (orthophoto was taken by Regione Liguria in 2016): 1, monitoring station; 2, dynamic probing test (DPM); 3, seismic refraction survey. (B) Detailed view of dynamic probing test location and of seismic array.
Three dynamic probing (DP) tests were performed to detect the bedrock depth and to investigate the degree of compaction of soils. Two DP tests were executed close to the upstream and downstream ends of the alignment, while one was carried out close to the installed hydro-geotechnical monitoring instruments (Figure 2). A medium dynamic penetrometer (DPM) (Stefanoff et al., 1988) was used, because of easily transportable on steep terraced slopes (D'Amato Avanzi et al., 2013); this equipment works with a 30 kg hammer mass dropping from a 20 cm height to drive steel roads and a conical tip (diameter 35.7 mm, tip angle 90°, cross section 10 cm2) through the ground. The number of blows required to advance the steel conical tip through the soil for each rod length of 10 cm (N10) was registered. The test ended when N10≥50, assuming this condition as indicative of bedrock occurrence. In order to evaluate the state of soils, N10 was normalized to the number of blows referred to the Standard Penetration Test (NSPT) by means of a correlation factor taking into account the ratio between the specific energies per blow for the two test types (i.e., NSPT = δ*N10 with δ = 0.73) (Odebrecht et al., 2005; D'Amato Avanzi et al., 2013). The empirical correlation between NSPT and the relative density (DR) proposed by Gibbs and Holtz (1957) was then used.
The seismic refraction survey consisted of one tomographic profile, which was centered with respect to the monitoring station. The DPM tests were carried out along the same alignment as the seismic refraction survey. P-wave seismic data were acquired with twelve geophones measuring ground movements with a natural frequency of 4.5–10 Hz (Figure 2). Geophones were connected to a multi-channel seismograph with digital data acquisition and with a sampling frequency of 5,000 Hz; an acquisition time window of 0.25 s was used. An 8 kg sledge-hammer hitting a steel plate was employed as a seismic source of 10 shots regularly distributed along the selected seismic array. The field campaign also included five soil density measurements using the sand cone method (ASTM Committee on Standards, 2007), executed around the monitoring station. Eventually, undisturbed soil samples were collected for laboratory geotechnical investigations.
3.2 Geotechnical laboratory testing
Three disturbed soil samples (namely, A, B and C), collected near the monitoring station and at a surficial depth equal for all three samples, were characterized by means of mineralogical and physical analyses. The mineralogical composition was investigated by means of X-Ray diffraction analysis (XRD) performed on randomly oriented powder using Malvern Panalytical X’Pert Pro modular diffractometer.
Physical characterization tests of the soil consisted of determining particle size distribution, specific gravity and plasticity characteristics (i.e., Atterberg limits). Particle size distribution curves were obtained from dry sieving and hydrometer sedimentation tests according to ASTM D 422–63 (ASTM Committee on Standards, 2000). Specific weight was determined following the ASTM D 854–92ε1 (ASTM Committee on Standards, 1998). Liquid and plastic limits were measured according to standard methods described by ASTM D4318-10 (ASTM Committee on Standards, 2010). The difference between the liquid and plastic limits was defined as the plasticity index (PI = wL − wP). The initial water content of soil samples was measured by means of ASTM D 4959-00 (ASTM Committee on Standards, 2000). Measurements of the organic matter (OM) were performed following the procedure stated by ASTM D2974 (ASTM Committee on Standards, 2014). The sample was initially weighed after 24 h in an oven at 105°C. The time of exposure of the sample to the 440°C temperature in the muffle furnace lasted 24 h. The sample was then placed in a desiccator and then weighed after cooling.
Mechanical behavior of soil was investigated by means of direct shear tests and one-dimensional compression tests performed on saturated reconstituted samples. The shear box apparatus adopted is a standard one, the shear force being developed by an electric motor driving, providing a variable speed control ranging from 5 × 10−4 to 2 mm/min. All direct shear tests were performed at a 0.5 mm/min displacement rate. Micrometer dial gauges with an accuracy of 0.001 and 0.01 mm were used to measure vertical and horizontal displacements, respectively. Tests were performed at stress levels of 100, 200 and 300 kPa. One dimensional loading was performed in standard oedometer cells, where vertical stress was conventionally applied in successive steps (Δσv/σv = 1) within the stress interval 10 ÷ 2,500 kPa. Micrometer dial gauges with an accuracy of 0.001 mm were used to measure vertical displacements.
3.3 Installed monitoring network
As of 2018, field monitoring was conducted according to two different sensor configurations. The first configuration was active, net of outages, until the end of 2020 and the multi-parametric monitoring system was composed of: a weather station equipped with thermo-hygrometer and rain gauge, four tensiometers (coded by T1 to T4) for the measurement of soil water pressure within the range −85 kPa/+100 kPa (model T4e, UMS, München, Germany), four soil moisture sensors (coded by W1 to W4) for the measurement of soil volumetric water content (model ECH2O EC-5, Meter group, Pullman, WA) and one combined sensor (coded W5) for the estimation of soil volumetric water content and temperature (model ECH2O 5TM, Meter group, Pullman, WA). The depth of installation of tensiometers and soil moisture sensors was 50 cm and 100 cm b.g.l. to evaluate the spatial variability of hydraulic conditions over time (Figure 3A for more details). The monitored data were recorded by a Campbell Scientific CR1000 datalogger, set with a sampling rate of 5 min, powered by a solar panel and lithium backup batteries, which guarantees its functioning even during episodes of severe weather. The first configuration was updated in October 2022 with the installation of new sensors and replacing those that no longer worked. This second configuration (Figure 3B) is now composed of: a weather station equipped with an air thermometer, a hygrometer, a rain gauge, an anemometer and a wind vane, four soil moisture sensors (coded by SM1 to SM4) for the measurement of soil volumetric water content (model ECH2O EC-5, Meter group, Pullman, WA), four combined sensors (coded by WP1/WT1 to WP4/WT4) for the monitoring of soil water potential and temperature (model TEROS 21, Meter group, Pullman, WA) and one combined sensor (coded SM5) for the measurement of soil volumetric water content and temperature (model ECH2O 5TM, Meter group, Pullman, WA). In this second case, the soil water content sensors and the soil water potential sensors were installed at only two points, namely, at 50 cm and 80 cm b.g.l., to reconstruct a log with the depth (Figure 3B). The recorded data are automatically transmitted to a remote server every 12 h thanks to a GSM/GPRS connection. The storage platform can be reached by cloud access from the web, allowing the complete management of the monitored data series.
[image: Figure 3]FIGURE 3 | Schematic cross-sections representing the distribution of sensors during the first (2018–2022) (A) and the second monitoring phase (2022-ongoing at 2023) (B). The position of the pole hosting data acquisition unit (DAU) and the weather sensors is also represented both in (A) and (B).
3.4 Monitoring data analysis
Data from the field monitoring system were managed following an Observation-Based Approach (Fiorucci et al., 2020), which is based on the research of objective cause-to-effect relations among environmental stressors and hydraulic soil responses. For a correct use of the OBA data analysis approach, it is necessary to have a well-constrained engineering-geological and evolutionary model of the slope. For this reason, the case study presented here lends itself well to its application. In this specific case, continuous and discontinuous data were recorded. The first category includes temperature, soil water pressure and soil water content, which are parameters recorded over time without null values. The second category is represented by data referring to transient and/or impulsive actions with a certain intensity in a certain time, like rainfall: the latter is a trigger in slope instabilities at the catchment scale. The datasets reconstructed in this way provided the time series of environmental parameters and hydraulic soil conditions, which were analyzed thanks to the comparison made on synoptic tables.
By coupling the pore water pressure and water content data monitored in the field, it was possible to reconstruct the soil’s average characteristic water retention curves (SWRCs) for the two depths investigated. The point-by-point SWRCs obtained from soil data were fitted using logarithmic correlations and then compared with those obtained according to the equations provided by van Genuchten (1980) (Eq. 1) and by Kosugi (1999) (Eq. 2) using the SWRC fitting proposed by Seki et al. (2023). From these last equations, it was possible to predict the hydraulic parameters of the soil, as follows:
[image: image]
where Se represents the effective saturation, h is the pressure head while α and n are fitting parameters (van Genuchten, 1980);
[image: image]
where Q denotes the complementary normal distribution function, hm is the pressure head related to the median soil pore radius while σ is a dimensionless parameter (Kosugi, 1999). In this way, the effective saturation (Se) is expressed as follows:
[image: image]
where θ is the volumetric water content, and θs and θr are the saturated and residual moisture contents, respectively. Hence, the volumetric water content can be written as follows:
[image: image]
4 RESULTS
4.1 Test site engineering-geological characterization
The results of DPM tests pointed out that the reworked eluvial-colluvial deposits show small thickness along the monitored slope section: the bedrock level was approximately detected between 1.0 and 1.7 m b.g.l (Figure 4A). From the N10-depth profiles (Figure 4A), it can be noted a quite homogeneous state of soils, since they resulted in values of DR lower than 20%, namely, from loose to very loose. In some localized cases, especially in the proximity of soil levels directly overlying the bedrock (e.g., tests DP1 and DP2), the N10-depth profiles revealed slightly more compact horizons (DR around 30%). However, these profiles show an irregular trend, likely correlated to the presence of pebbles. These results are consistent with those of the geophysical surveys, which revealed a progressive increase in density with depth in the investigated site (Figure 4B). Specifically, reworked eluvial-colluvial soils exhibit P-wave velocities lower than 600 m/s, while across the underlying bedrock VP ranges from 600 up to 1,700 m/s, depending on both the degree of fracturing and weathering.
[image: Figure 4]FIGURE 4 | In-situ investigation results: (A) dynamic penetration profiles (N10 vs. depth); (B) P-wave seismic refraction tomography profile.
Based on the combination of direct and indirect field investigations, an engineering-geological 2-D model of the selected slope segment was defined, which consists of three main horizons (Figure 5): 1) reworked eluvial-colluvial soils (VP < 600 m/s); 2) weathered and fractured bedrock (600 < VP < 1,100 m/s) and 3) fresh and un-weathered bedrock (1,100 < VP < 1,700 m/s).
[image: Figure 5]FIGURE 5 | Engineering-geological cross section across the monitored slope section: 1. Reworked eluvial-colluvial deposits; 2. Weathered and fractured bedrock; 3. Fresh and fractured bedrock; 4. geophone; 5. dynamic probing test.
From the outcomes of the in-situ soil density measurements, the investigated soils show the following average physical properties: natural unit weight of 14.6 ± 1.05 kN/m3, dry unit weight of 13.2 ± 0.97 kN/m3, and a computed total porosity of 0.49 ± 0.05.
4.2 Geotechnical soil characterization
As results from XRD analysis, the soil samples are composed of vermiculite, quartz and muscovite with small amounts of albite, with an average percentage of organic matter equal to 5,40%. The specific gravity of particles ranges from 2.5 to 2.7 g/cm3 while the initial water content is about 11%. Grain size distributions of the soil samples are reported in Figure 6A. The percentage by weight of fine grains (clay and silt) is larger for samples A and B compared to sample C. Sand fraction ranges from 24,7% to 28,5%, whereas gravel content is about 50% for samples A and B and 60,2% for sample C. Laboratory determination of plasticity characteristics of soil samples showed a range of 27%–30% and 35%–41% for plastic limit (wP) and liquid limit (wL) respectively. Plasticity Index (PI) varies between 8% and 13%, showing a low plasticity of the tested soil samples. Based on the unified soil classification system (USCS), the fine-grained soil fraction is classified as inorganic silts with low to medium plasticity (ML) and organic silts and clays of low plasticity (OL) (Figure 6B). Therefore, based on these outcomes, the soil samples were classified as silty gravels (GM) according to the USCS scheme.
[image: Figure 6]FIGURE 6 | (A) Particle size distribution curves of soil samples (A–C); (B) Unified Soil Classification System plasticity chart–ML: inorganic silts of low to medium plasticity; CL: inorganic clays of low to medium plasticity; OL: Organic silts and clays of low plasticity; MH: inorganic silts of high-plasticity; CH: inorganic clays of high-plasticity; OH: organic clays of medium to high plasticity.
Results of direct shear tests are reported in Figures 7A, B. Under applied confining stresses of 100, 200 and 300 kPa respectively, soil samples show a ductile and contractile behavior. The values of shear stresses (τ) at the end-of-test are plotted in Figure 7C in a conventional Mohr-Coulomb plot, as a function of vertical effective stress (σ′v). The linear failure envelope used to define the shear strength parameters shows a friction angle of about 35° with a cohesion intercept of zero. One dimensional compressibility curve of soil is reported in Figure 7D. Compression index (Cc) and swelling index (Cs) values of respectively 0.23 and 0.034 were obtained from the compression tests on specimens having an average initial void ratio of e0 = 0.70. The yield stress value determined by Casagrande method was found equal to 80 kPa.
[image: Figure 7]FIGURE 7 | (A,B) Stress-strain behavior from direct shear tests of sample A; (C) shear strength envelope at the end-of-test from direct shear tests; (D) one dimensional compression curve of soil sample A.
4.3 Meteorological and soil hydrological monitoring data
The availability of more than 2 years of monitoring data allowed to analyze the variation of the soil hydraulic parameters during the different seasonal cycles, thus making possible to draw some preliminary considerations on the hydraulic response of the soil itself following changing weather conditions. The site monitoring data should be placed within a typical climatological framework for the study area, whose peculiar characteristics are summarized in Figure 8. In particular, this figure shows the potential for evapotranspiration (PET), which can directly influence the quantity of water infiltrating the soil during rainfall. The PET was calculated by applying Thornthwaite’s equation (Thornthwaite, 1948) and considering meteorological data from site monitoring or catalogues freely available online at https://weatherspark.com/.
[image: Figure 8]FIGURE 8 | Monthly potential evapotranspiration (PET) for the study area, estimated using the Thornthwaite equation (1948), with main meteorological parameters (meteorological data derived from the Sarzana station in the period 1980–2016).
In addition to a typical daily and seasonal periodic and cyclical trend, the observed temperature data showed thermal excursions in air above 30°C (Figure 9A). The daily temperature range is less evident inside the soil, reaching approximately 30°C in summer and always remaining above 10°C even in colder periods (Figure 9A). Regarding the pluviometric regime of the study area, it is possible to notice that in summer and autumn periods, rainfall events were often characterized by short duration but high intensity, as highlighted by the hourly rainfall peaks reached, as example, on 14 August 2018 (60 mm/h), 27 October 2018 (47 mm/h), 29 October 2018 (67 mm/h) and on 27 July 2019 (40 mm/h). In particular, the event between 27–29 October 2018, led to about 220 mm of rainfall accumulation in just 3 days, thus representing the strongest event during the monitored period (Figure 9B). Also, during the second monitoring period, two severe pluviometric events occurred on 3 November 2022, and 16 January 2023, that reached 30 mm/h (Figure 10B).
[image: Figure 9]FIGURE 9 | Multi-parametric data acquired during the first sensors configuration (2018–2020): (A) air and soil temperature, (B) rainfall, (C) water content (W) and (D) pore water pressure data (T). All data were graphed with a resolution of 5 min, equal to the sampling rate of the monitoring station.
[image: Figure 10]FIGURE 10 | Multi-parametric data acquired during the second sensors configuration (2022 - to date): (A) air and soil temperature (WT), (B) rainfall, (C) water content (SM) and (D) pore water pressure data (WP). All data were graphed with a resolution of 5 min, equal to the sampling rate of the monitoring station.
During the observation periods, both soil moisture sensors and tensiometers responded almost instantly to rainfall peaks. However, the achieved values varied according to depth. For example, sensors W1 and T1 (placed at a depth of 100 cm b.g.l.) are those which, on average, recorded the lowest humidity and pore water pressure values, identifying a relatively drier portion of soil. Regarding pore water pressure, it can also be noted that negative values were found until the first autumn rainfall event, following which all the sensors recorded a value close to zero throughout the winter period (Figure 9). Moreover, thanks to the temperature probes installed in the second monitoring period, at deeper soil levels, it is possible to see how during dry periods the soil temperatures remain constant down to a depth of 80 cm, while, in wet periods, soil temperatures drop at the surface (−50 cm b.g.l.) and remain constantly higher at depth (−80 cm b.g.l.) (Figure 10). This suggests how rainfall directly induces sudden drops in the air and then in the soil temperature.
Finally, as a general consideration, in both monitoring periods, marked differences between the trends of soil temperature and saturation during wet phases, and those of pore water pressure in dry periods, were observed. The results are robust for the monitoring period held up to 2020. Regarding the second monitoring data series, particularly those associated with the hydraulic soil conditions, which have been recorded since October 2022, the reliability is even lower as the new sensors have had a long period of stabilization and, probably, not yet completely exhausted. This is particularly evident for soil water potential sensors that, with the exception of WP4 sensor, recorded pore water pressure values around zero even at the beginning of the drying phase in the spring of 2023 (Figure 10). If, on the one hand, this could be plausible, as WP4 was installed in the most surficial soil layer and in the downstream portion of the terrace, on the other one, it cannot be excluded that this type of sensor is equally sensitive, compared to the tensiometers, in recording the variation of pore water pressure in these soil types. It is, therefore, necessary to have the record of an entire year, i.e., the wetting and drying phases of the soil, to be able to make reliable statements about it.
Taking into consideration the time series belonging to the first monitoring period (from August 2018- to November 2019), it was possible to investigate the soil hydraulic behavior through the reconstruction of the SWRCs, which were obtained by crossing point-by-point the pore water pressure and water content values measured at the two investigated depths (i.e., 0–50 cm depth by coupling T2-W2 sensors and 50–100 cm depth by coupling T1-W3 sensors; Figure 11). The trend of the curves offers an overview of the hydrological properties of the soil. This specific case highlights a different response of the soil between the dry and wet seasons, testifying a seasonal variation of the soil parameters. Based on the rainfall data series, two drying and one wetting phases were recognized for the analysis presented herein (following the approach proposed by Comegna et al., 2021), respectively. Specifically, starting from the first day of monitoring, which occurred on 2 August 2018, an initial drying phase lasted until 2 November 2018, the day of the first significant storm event that resulted in saturated soil conditions. Then, a wetting phase lasted until 14 June 2019, when the recovery of unsaturated conditions downstream of the winter period was observed. This condition was evident until 3 November 2019, when a significant amount of rainfall again saturated the soil. Therefore, it was possible to distinguish soil drying phases, which occur more slowly and involve the progressive decrease of the pore water pressure and the decrease of water content values, from wetting phases, which arise almost instantaneously following the first intense autumn rainfall and remain so throughout the autumn-winter season, showing pore water pressure values close to zero and higher soil saturation values. The rapidity in soil saturation, testified by the jump in the SWRCs between unsaturated and saturated conditions that occur during the primary rainfall input, can be related to the high hydraulic conductivity values typical of coarse-grained soils. Previous studies have attested this value in the order of 10−5–10−6 m/s (Schilirò et al., 2023). In wetting periods, the water content produced by rainfall infiltration corresponded to a specific water pressure value, which was lower than that resulting from the same soil moisture level in drying periods. The two kinds of phases are clearly visible at both depths, even if with different water content conditions, whose magnitude is strictly dependent on total cumulative rainfall along with the advance of a wetting front (Figure 11).
[image: Figure 11]FIGURE 11 | SWRCs of the soil, for the period starting from August 2018 to November 2019, reconstructed coupling sensors T2-W2 for the surficial soil layer and sensors T1-W3 for the deeper soil layer. The color of the symbols corresponds to the consecutive drying and wetting phases, recognized at annual time scale of the soil. These several branches are defined in accordance with the pluviometric input recorded at the test-site.
Based on the SWRCs reconstructed using the monitored data collected at the two selected depths, a logarithmic fitting was performed to obtain the unsaturated hydraulic properties of the soil (Table 1) according to hydraulic models proposed by van Genuchten (1980) and Kosugi (1999). To do this, all the pairs of parameters belonging to the 2019 drying phase and 2018-2019 wetting phase of the soil were considered. Given the experimental setup, such parameters can be retained as representative of the hydraulic process acting on terraced slopes sustained by dry walls. The high R2 values testify the reliability of the adopted fitting procedure (Table 1).
TABLE 1 | Parameters of van Genuchten (1980) and Kosugi (1999) models resulting from the fitting procedure of T2–W2 and T1–W3 data on SWRCs by field monitoring, considering both 2019 drying and 2018–2019 wetting phases of the soil.
[image: Table 1]5 DISCUSSION
Although hydrological functions of agricultural terraced systems are widely investigated in literature, there has been little examination of the role of geotechnical features of the backfill material in influencing the dynamic of infiltration (Camera et al., 2012; Arnáez et al., 2015; Preti et al., 2018a; b). From the geotechnical point of view, these soils can be considered halfway between natural and artificial materials, especially concerning their stratigraphical and textural features, which are the result of man-made reworking connected to terrace benches construction and, subsequently, to farmland activities. Indeed, terraced soils are commonly defined as constructed pedo-environments (Stanchi et al., 2012). Moreover, it is worth noting that examples concerning the hydraulic behavior of terrace backfill made up of coarse-grained soils are very rare (Camera et al., 2012). This primarily depends on the difficulties in collecting undisturbed soil samples for laboratory testing (Vannucci et al., 2019). Furthermore, in terraced landscapes, the execution of in-situ tests can be sometimes constrained by the rugged morphological conditions (D’Amato Avanzi et al., 2013; Cevasco et al., 2013; Cevasco et al., 2014).
In this work, investigations of the rainwater infiltration mechanisms of the monitored terraced soils were supported by the integration of in-situ and laboratory tests. Their outcomes revealed that soils have a well-graded texture since they consist of heterogeneous mixtures of sandy and silty-clayey gravels. However, the proportion of coarse elements is predominant, namely, the amount of gravel can be as high as 60%, while the quantity of fine soils (i.e., silt and clay) is lower than 30%. These results are well consistent with those obtained in other studies dealing with the geotechnical characterization of terraced soils at Cinque Terre (Cevasco et al., 2013b; Cevasco et al., 2014) and at zones of the Liguria region with similar geological and geomorphological settings (Cevasco et al., 2015b; 2017; Vannucci et al., 2019). The tested backfill soils resulted porous, loose and characterized by low plasticity, clearly indicating their permeable character. In this regard, Cevasco et al. (2014), using in-situ permeability tests, determined values of saturated hydraulic conductivity ranging from 10−4 to 10−6 m/s across soil profiles approximately 1 m-thick. Indeed, these values are in good agreement with those obtained through numerical simulations in another study performed in the same monitoring site (Schilirò et al., 2023).
The developed geotechnical framework undoubtedly affects the soil’s hydrogeological behavior, suggesting that saturation may be rapid in case of rainfall. Hydrological monitoring data retrieved from continuous time series confirmed this in the field, showing fast changes in pore water pressure and a peculiar behavior that results from both the presence of terraces and the coarse grain size distribution. At this aim, the study of SRWCs from field data suggested that soil saturation is almost contextual to rainfall episodes, both on the small (seasonal) and on the large (daily) time window. In agricultural terraces, a similar behavior was reported by Preti et al. (2018a), who pointed out the influence of subsoil features in rainwater movement, highlighting the role of granulometric heterogeneity and of high stoniness in favoring rapid infiltration along with marked subsurface flows. The fitting of the points describing the SWRCs, on which the van Genuchten model (1980) was applied, returned hydraulic parameters in agreement with other studies in the literature, which considered soils with physical properties like those of the case study presented here (Cuomo and Della Sala, 2013; Likos et al., 2014).
With reference to the seasonal trend of rainfall, thus adopting a large time scale of analysis, it is possible to recognize an extended drying phase in the soil, which essentially involves spring, summer and the beginning of autumn, and a wetting phase that begins with the first copious autumn rainfall and continues throughout the winter, resulting in a period in which pore water pressure is constantly kept at zero at both depths considered. This seasonality suggests an influence on the extent of the apparent cohesion and, consequently, on the stability conditions of the slope. In fact, during periods when the soil is constantly wet, the contribution of negative pore water pressure to soil effective stress is expected to disappear, causing a loss in unsaturated shear strength, and thus negatively influencing slope stability (Raimondi et al., 2023; Schilirò et al., 2023). Considering the daily strong rainfall, thus adopting a small time scale of analysis, it appears to be like the same. When rainfall occurs, the pore water pressure increases and almost instantly reaches higher values, especially in the uppermost soil layer. The same instantaneous impulse is also shown by water content, which tends to increase faster. At greater depths, the increase in pore water pressure is recorded with a few days of delay or, if it continuously rains over time, while the water content shown the same behavior as at upper depth (Figure 12). Anyway, the lag time between the pluviometric input and the soil response in terms of change of the hydraulic parameters is very short. Furthermore, regarding both the pore water pressure and water content, a certain degree of data scattering can be noticed considering daily time windows. The cause can be ascribed to hysteresis processes occurring after more intense rainfall (Likos et al., 2014; Bordoni et al., 2015; Comegna et al., 2021; Darzi et al., 2023).
[image: Figure 12]FIGURE 12 | Behavior of pore water pressure and water content under daily rainfall inputs for both considered depths, highlighting drying and wetting phases during single-day strong rainfall.
As regards the hydraulic conditions of the soil along the investigated section (i.e., considering both the geometry of the slope and of the terrace bench itself with an average inclination of 27°), it is possible to notice that, in the downslope portion (Figures 3, 9), higher water content values are recorded than those acquired in the upslope portion (i.e., at the same depth b.g.l.). At the investigated terraced site, this hydrological evidence coming from field monitoring may be explained through a wetting front infiltration scheme, recently proposed by Schilirò et al. (2023), according to which the infiltrating water tends to accumulate on the lower edge of the terrace. Following this scheme, an increase in pore water pressure occurs in the shallower soil layer during rainfall, and, if rain continues, positive pore water pressure can also develop.
6 CONCLUSION
The knowledge of the hydrological features of the backfill soil of agricultural terraces is of fundamental importance for several practical and scientific reasons. On the one hand, understanding water circulation through terraced soils can have important implications in improving strategies of water cycle regulation, thus contributing to the effective maintenance and management of terraced landscapes. On the other hand, investigation of the links between meteorological stressors and hydrological mechanisms, as well as cause-to-effect relationship with erosion and mass movements processes, can support the calibration of hydro-meteorological trigger thresholds for the shallow landslides in the frame of early-warning systems. However, because of local geo-environmental and anthropic factors, the hydro-geomorphological functions of terraces can be extremely peculiar and variable, thus requiring both site specific analysis and the availability of long-term monitoring, to be transferred in distributed analysis of scenarios.
In light of these considerations, in the site of Monterosso al Mare the coupling of engineering-geological information with multi-sensor hydrological monitoring data, which covered an observation period longer than 2 years, allowed to define the stratigraphic and geotechnical model of an agricultural terrace and its influence on the hydro-mechanical behavior of the backfill soils.
The main results of the study showed that the coarse-grained and anthropically remolded texture of the backfill soil promotes the rapid infiltration of rainwater, causing sharp changes in both water content and pore water pressure, especially in the shallower and looser horizons. Furthermore, both the nature and the texture of the backfill soil also influence the pattern of water content and pore water pressure, which revealed a peculiar seasonal trend characterized by alternating phases of slow drying and fast wetting. Accordingly, during the drying periods, typically developing in the spring and summer seasons, a progressive decrease in pore water pressure occurs, suggesting a positive contribute to the shear strength of soils in terms of apparent cohesion. Conversely, during the wetting phases, arising almost instantaneously at the time of the first intense autumn rainstorms, soils reach greater saturation conditions while pore water pressure remains close to zero throughout the autumn-winter season, thus producing hydro-mechanical conditions that could negatively influence the stability of the backfill soil. The outlined hydrological patterns are observable both in shallower and deeper soil horizons. However, monitoring data reveal that the greater water accumulations can develop towards the lower portion of the terrace tread. This may induce the growth of destabilizing pore water pressure regimes into the soil volume behind the dry-stone wall.
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