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SUMMARY: Shallow landslides triggered by strong rainfall represent a widespread geological 

hazard impacting natural and anthropic environments. The study of geological and hydrological 

features of soil represents an essential task in understanding the slope behaviour when struck 

by heavy rainfall, significantly when the presence of man-made terraces modifies the regularity 

of the relief. To address this purpose, a multi-sensor monitoring system has been operating in 

the Monterosso al Mare catchment (Liguria region, Italy) since 2018, acquiring both 

hydrological parameters and weather conditions. The data acquired in this way were interpreted 

based on the engineering geological model obtained starting from the field investigations to 

point out the hydro-mechanical characterisation of terraced soils and to evaluate their 

hydrological behaviour. The first results suggest how the coarse-grained grain size distribution 

favours the infiltration of meteoric water, inducing sharp changes in soil moisture and pore 

water pressure and highlighting seasonal trends. The preliminary outcomes provide valuable 

insights into the evolution of hydrological factors in the slope, laying the groundwork for a 

better understanding of the time-dependent processes that guide water circulation in terraced 

systems and the triggering conditions to landsliding. 
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Introduction 

 

Shallow landslides due to heavy rainfall, like slides and flows, represent a common geological 

hazard that frequently interferes with the anthropic component of the environment (Marc et al., 

2018). In recent years, the frequency of strong rainfall events has increased due to global 

climate changes amplifying their impact on the environment (Kirschbaum et al., 2012; Gariano 

et al., 2020). Failure initiation can be correlated to a wide range of destabilising factors, among 

which the most notable are soil saturation due to the perched water table, slope-parallel or 

upward groundwater seepage, matrix suction dissipation during rainwater infiltration and 

groundwater seepage mechanisms from fissures of the underlying bedrock (Crosta, 1998; 

Guadagno et al., 2005; Bordoni et al., 2015; Bogaard et al., 2016). 

Terraced slopes are one of the most widespread man-made landscapes, especially in regions 

where rural activities have played an important economic role (Tarolli et al., 2014). Today, 
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these landscapes represent cultural heritage because of their historical and environmental value, 

increasing tourism and social and economic development (Brandolini, 2017; Varotto et al., 

2019). Terraces enable agriculture in steep terrains, and slope gradient reduction is obtained by 

cutting naturally steep slopes to produce a step-like profile. The slope topography adjustment 

leads to a mitigation of both runoff and soil erosion processes, which is accompanied by 

increased infiltration. This increases soil moisture content (Stanchi et al., 2012). However, in 

the case of intense rainfall, the progressive saturation of soils and the development of critical 

regimes of pore-water pressures can negatively affect slope stability (Camera et al., 2012, 2014; 

Preti et al., 2018). 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 (Agnoletti et al., 2019; Giordan et al., 2020). To 

effectively address the complex hydrological dynamics occurring in terraced slopes, it is 

essential to investigate the soil's hydromechanical and geotechnical features and acquire the 

longest possible monitoring data series. The following presents the outcomes of more than two 

years of continuous monitoring of the soil hydrological parameters in a terraced slope, 

susceptible to shallow landsliding, in the Cinque Terre National Park (northwestern Italy). 

 

Materials and Methods 

 

A multi-sensors monitoring system devoted to recording both meteorological forcings and 

hydraulic parameters of the soil has been operating since 2018 on a portion of a terraced slope 

located within the Pastanelli-Morione stream catchment in Monterosso al Mare (Cinque Terre, 

Liguria region, Italy). The Cinque Terre are well-known worldwide and represents a well-

known example of a man-made area of century-old agricultural terraces retained by dry stone 

walls. This field study site was chosen because, in the past, it experienced several landslide 

events like the 25th of October 2011 flash flood when 260 shallow landslides, approximately, 

were triggered by extreme rainfall as debris slides, many of which evolved into debris flow and 

debris avalanches. The installed multi-sensors monitoring system consists of i) a fully equipped 

weather station, ii) soil temperature sensors, iii) soil moisture sensors, and iv) soil water 

potential sensors. The sensors were installed at different depths to reconstruct a vertical profile 

of soil hydrological conditions. Before the installation of the monitoring system, a combination 

of in-situ and laboratory geotechnical and geophysical investigations were carried out to define 

an engineering geological model across the monitoring site and to characterise the main 

textural, physical, and mechanical soil features. Three dynamic probing tests (DP) were 

performed to detect the bedrock's depth. The DP tests were performed along an alignment 

oriented toward the slope dip. A seismic refraction survey, consisting of one tomographic 

profile, was also carried out through 12 geophones and developed along the same route as the 

DP test. Five in-situ soil density determinations were also carried out using the sand cone 

method, sampling the soil for laboratory geotechnical determinations. 

 

Results and main observations 

 

The engineering geological model of the slope is based on the results of both in-situ surveys 

and laboratory determinations. The results of the DP tests highlighted that the soil cover has 

reduced thicknesses along the monitored section of the slope. The bedrock was detected 

approximately between 1.0 and 1.7 m depth. From the outcomes of the in-situ soil density 

measurements, the investigated soils show a natural unit weight of 14.6 ± 1.05 kN/m3. The grain 

size distribution, conducted on three different samples, highlighted a sand fraction ranging from 

24,7% to 28,5%, whereas gravel content ranged from 50% to 60.2%. Laboratory determination 

of plasticity characteristics of soil samples showed a range of 27–30% and 35–41% for plastic 
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limit (wP) and liquid limit (wL), respectively, while the Plasticity Index (PI) varies between 8% 

and 13%. 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). 

The availability of more than two years of monitoring data allowed to analyse the variation of 

the soil hydraulic parameters during the different seasonal cycles. The most intense rainfall 

event recorded 225 mm of rain in three days, with a peak of 159 mm in a single day. Regarding 

hydraulic monitoring, data recorded by tensiometers showed very high matric suction values 

(i.e., negative soil water pressure) under hot and dry summer conditions (drought periods). 

These values, reaching up to −900 hPa at the deepest sensor (T1, see Figure 1), became 

approximately equal to zero immediately after the first autumn rains and remained primarily 

unchanged until the following summer (wetting periods). Furthermore, soil moisture showed a 

clear relationship with rainfall peaks. However, the deepest sensor (i.e., W1, see Figure 1) 

recorded lower values (0.05 to 0.15) than the others (0.10 to 0.3). Regarding the spatial 

distribution of the sensors (Fig. 3), it is observed that those positioned downstream in the terrace 

(e.g., W5 and W3, see Figure 1) generally recorded higher soil moisture than the sensor 

positioned upstream in the terrace at the same depth (e.g., W2–W4 and W1, see Figure 1). 

 

 
Figure 1: Multi-parametric data acquired from 2018 to 2020: (A) rainfall air and soil temperature, (B) air and soil 

temperature, (C) soil moisture (W) and (D) pore water pressure data (T). 

 

Thanks to the availability of monitored data, it was possible to investigate the soil hydraulic 

behaviour through the reconstruction of the Soil Water Retention Curves (SWRCs), obtained 

by crossing point-by-point the matric suction values and soil moisture conditions. The curve's 

trend offers an overview of the hydrological properties of the soil and proceeding to their fitting, 

according to the van Genuchten equation (1980), it is possible to obtain the volumetric water 

content parameters in saturation and residual conditions (s e r), and the empirical parameters 

dependent on the pore-air pressure () and on the pore size distribution (n). The parameters 

thus obtained allow us to proceed with stability analysis of the surface beds, which is also 

possible continuously thanks to site monitoring data, which returns values of the safety factor 

according to the approach of Lu and Godt (2008). 

The developed geotechnical framework undoubtedly affects the soil’s hydrogeological 

behaviour, suggesting that saturation may be rapid in case of rainfall. Hydrological monitoring 

data from continuous time series confirmed this in the field, showing fast changes in pore water 

pressure and a peculiar behaviour resulting from terraces and coarse grain size distribution. At 

this aim, the study of SRWCs from field data suggested that soil saturation is almost contextual 
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to rainfall episodes, both on the small (seasonal) and on the large (daily) time window. 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 of the terrace, higher soil moisture values 

are recorded than those acquired in the upslope portion (i.e., at the same depth b.g.l.). At the 

investigated terraced site, the hydrological evidence coming from field monitoring may be 

explained through a wetting front infiltration scheme, already proposed by Schilirò et al. (2019), 

according to which the infiltrating water tends to accumulate on the lower edge of the terrace. 

Following this scheme, a reduction of the matric suction values occurs in the shallower soil 

layer during rainfall, and, if rain continues, positive pore water pressure can also develop. 
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