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Abstract

Rainfall-induced shallow landslides can seriously affect cultivations and infrastructures and cause
human losses. A continuous monitoring of unsaturated soils hydrological properties is needed to
understand the effects of pore water pressure and water content on shallow landslides triggering and
slope safety factor. In this work, the impact of water content, pore water pressure and hydrological

hysteresis on safety factor reconstruction is analyzed by applying two different models (Lu and

1



Godt's and SLIP models) to a monitored slope located in Oltrepd Pavese (Northern Italy). A
shallow landslide event in the studied slope during the monitoring allowed for identifying the
triggering mechanism and modeling the safety factor changes. The conditions of instability
mechanism develop in periods with frequent rainfalls: the uprising of a perched water table in the
soil profile gets nil or positive pore water pressure, which, linked with the nil effective soil cohesion
of some soil horizons, allows for the shallow landslides triggering. The safety factor trends correctly
predicted unstable conditions (safety factor < 1.0) in correspondence of the shallow landslide
triggering time on the basis of both water content and pore water pressure. A better prediction gets
when the safety factor is modeled considering the hysteresis effects. Modeling the safety factor on
the basis of water content can make a good assessment of shallow failures triggering conditions
only for failures in unsaturated soils and for completely saturated soils. Instead, considering pore
water pressure it is possible estimating safety factor changes linked with the development of
positive pore water pressures, which can be linked in some cases to shallow landslides

development.

Keywords: shallow landslides; safety factor; water content; pore water pressure; hysteresis



1. Introduction

Rainfall-induced shallow landslides affecting superficial deposits of small thickness (generally
lower than 2 m) are common phenomena all over the world. In the last years, important events were
recorded in many regions of Italy (Cascini et al., 2008; Montrasio and Valentino, 2008; Damiano et
al., 2012; Cevasco et al., 2013; D'Amato Avanzi et al., 2013; Sorbino and Nicotera, 2013; Zizioli et
al., 2013, 2014; Grelle et al., 2014), in Switzerland (Von Ruette et al., 2011; Lehmann and Or,
2012; Springman et al., 2013), in Hong Kong (Fuchu et al., 1999), in South Korea (Park et al.,
2013), in USA (Schmidt et al., 2001; Godt et al., 2008a, b; Godt et al., 2009; Baum et al., 2010), in

many areas of Central America (Capra et al., 2003; Harp et al., 2009; Eichenberg et al., 2013).

Shallow landslides are generally triggered by very intense rainfall events (Howard et al., 1988;
Montrasio and Valentino, 2008). Although they involve small volumes of soils, as a consequence of
particularly intense and concentrated rainfall, they can be densely distributed across territories
(Zizioli et al., 2013) and, moreover, can affect slopes close to urbanized areas. For this reason, they

can have bad effects on cultivations, infrastructures and, sometimes, human losses.

Before the triggering event, shallow soils of the affected slopes are usually unsaturated. Many
authors identified the quick increase in pore water pressure and the development of positive pore
pressures, due to the formation of a perched water table, as the most important cause for shallow
landslides triggering (Lim et al., 1996; Vanapalli et al., 1996; Godt et al., 2008a, 2008b 2009; Baum

et al. 2010; Lu and Godt, 2013).

One of the most widespread methods to predict shallow landslides triggering is represented by
rainfall thresholds, which represent the rainfall amount, determined on the basis of analysis of past

phenomena, that, when reached or exceeded, are likely to trigger landslides (Reichenbach et al.,
3



1998). In particular, rainfall thresholds based on rainfall intensity- duration relationships, have been
defined in many different climatic and geological settings (Caine, 1980; Cancelli and Nova, 1985;
Reichenbach et al., 1998; Guzzetti et al., 2008; Martelloni et al., 2012). Moreover, real-time rainfall
data compared with rainfall thresholds have been incorporated into landslide warning systems, as in
San Francisco Bay region in USA (Wilson and Wieczorek, 1995), Malaysia (Lee et al., 2009),

Emilia Romagna Region in Italy (Martelloni et al., 2012).

Another approach for the prediction of rainfall-induced shallow landslides is linked with a
continuous monitoring of hydrological and mechanical properties of the soil. Recent studies
focusing on monitoring of slopes susceptible to shallow landslides (Lim et al., 1996; Simoni et al.,
2004; Matsushi et al., 2006; Matsushi and Matsukura; 2007; Godt et al., 2008a, 2008b 2009; Baum
et al. 2010; Bittelli et al., 2012; Damiano et al., 2012; Leung and Ng, 2013; Smethurst et al., 2012;
Springman et al., 2013) demonstrated how monitoring techniques allow to identify the soil
hydrological and mechanical conditions during shallow landslides triggering and some fundamental

properties that are essential to characterize and model landslides development.

Soil water content and pore water pressure are the basic soil features to be considered in the
stability analysis of a slope during a rainfall event. In fact, soil water content and pore water
pressure data from continuous monitoring of unsaturated soils have been revealed very useful to be
implemented in different kinds of stability models, such as closed-form equations based on a limit
equilibrium analysis (Lu and Godt, 2008, 2013), physically based models (Campbell, 1975;
Montgomery and Dietrich, 1994; lverson, 2000; Baum et al., 2002, 2008; Montrasio and Valentino,
2008), and Finite Element Models (FEM) (Cuomo and Della Sala, 2013; Springman et al., 2013). In
all these situations, it is required an accurate knowledge of the constitutive relationships which
identify the main soil hydrological properties. In particular, the Soil Water Characteristic Curve

(SWCC), which relates the pore water pressure and the water content, allows for the



characterization of hydrological and also mechanical behavior of usually unsaturated soils (Lu et al.
2013). Moreover, the hysteretic nature of SWCC (Topp and Miller, 1966; Mualem, 1976; Parlange,
1976; Kool and Parker, 1987; Lu and Likos, 2006; Fredlund et al., 2011; Likos et al., 2013; Lu et
al., 2013), linked to in-situ processes due to different drying and wetting cycles the soils suffer in
natural conditions, determines the development of a main drying curve (MDC) and a main wetting
curve (MWC), thus it can have practical implications on water movements in soil and on the
mechanical behavior of unsaturated soils in terms of deformation and shear strength (Wheeler et al.,

2003; Likos et al., 2013).

In the most of models for rainfall-induced shallow landslides triggering conditions, only drying path
parameters are considered and the hysteretic effects are generally neglected (Montgomery and
Dietrich, 1994; Iverson, 2000; Baum et al., 2002, 2008; Bathurst et al., 2005; Askarinejad et al.,
2012; Park et al., 2013). On the other hand it is worth noting that the topsoil is under wetting
process during rainfall infiltration, therefore neglecting the wetting path could affect the assessment
of rainfall-induced shallow landslides triggering mechanisms (Ebel et al., 2010; Tsai, 2010; Ma et

al., 2012; Likos et al., 2013).

The main objectives of the present work can be summarized as follows: 1) to identify the main
hydrological behaviors of the topsoil based on field monitoring of a test-site slope, focusing on the
conditions which can lead to the shallow failures; 2) to evaluate the effect of the topsoil
hydrological properties on modeling the safety factor at slope scale; 3) to investigate the effect of
hydrological hysteresis on the estimation of the time trend of the safety factor on the basis of field
measurements; 4) to compare the time trends of the safety factor of the studied slope by applying

different simplified slope stability models based on the limit equilibrium method.

2. Material and methods



2.1 The study slope

2.1.1 Geological and climatic settings

The test-site slope is located in the north-eastern part of Oltrepo Pavese (Northern Italy), a hilly
region corresponding to the northern termination of Apennines (Fig. 1). In this area the bedrock is
characterized by a Mio-Pliocenic succession that is called "Serie del Margine™ (Vercesi and Scagni,
1984), constituted of continental deposits (sand, sandstones and conglomerates) overlying marine
(especially marls) and evaporitic (chalky marls, gypsum) deposits (Fig. 1). The bedrock strata
mainly dip east-northeast with moderate inclinations. Shallow soils which derive from the bedrock
weathering have prevalently a clayey silt or a silty sand texture and thickness which ranges between

a few centimeters to 2.5 m (Zizioli et al., 2013).

In correspondence of the studied slope, the bedrock is made up of gravel, sand and poorly cemented
conglomerates with a low percentage of marls (Rocca Ticozzi Conglomerates) and presents an
upper weathered part (Fig. 1, 2). Superficial soils, derived by bedrock weathering, are prevalently
clayey-sandy silts and clayey-silty sands with different amount of pebbles and carbonate
concretions. Their thickness, determined through trench pits and micro boreholes, increases from
the top to the bottom of the slope, from few centimeters till 1.85 m also due to the presence of

landslides accumulation areas (Fig. 2, 3).

The studied slope has features that can be considered typical of the surrounding area. Hillslopes are
characterized by medium-high topographic gradient ranging from 22 to 35°. In particular, slope
angle values around 30° are present along the test-site slope section in correspondence of the

monitoring station, except for some pre-existing shallow landslides source areas (Fig. 3).
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Figure 1. Location of the monitored experimental slope and geological sketch map of the

surrounding area.

Furthermore, the East-facing slope descends towards a rather small and narrow valley formed by a
creek (Eastern Frate Creek). The slope elevation ranges from 210 to 170 m a.s.l. and the monitoring

station is located at 185 m.a.s.l. The land use is mainly constituted by grass and shrubs passing to a
7



woodland of black robust (Robinia Pseudoacacia) trees at the bottom of the slope, where some
vineyards had been abandoned since the eighties of the last century. Roots of living vegetation are

present from the ground level till about 0.3-0.4 m in depth.
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== Stratigraphic section

Countour line 6
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Figure 2. Detailed view of the test-site slope where the monitoring station was installed. The aerial

photograph of the area was taken by Ditta Rossi s.r.I. (Brescia, Italy) in May 18™ 2009.

The area of Oltrepd Pavese has a continental climatic regime. Considering recent rainfall data
available from 2004 to 2014 coming from a weather station located closely near the study area at a
similar elevation (Canevino rain-gauge station, ARPA Lombardia monitoring network), it is
possible to note a general decreasing in the yearly cumulated rainfall with respect to the mean
annual rainfall measured in the period 1921-1979 (Rossetti and Ottone, 1979), from 775.2 mm to

684.4 mm (Fig. 4a).
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2004-2014 measured at Canevino rain-gauge station.



The maximum rainfall amount is in November and the minimum one is in July (Fig. 4b).

2.1.2 Landslides distribution
The area where the study slope is located is characterized by a high density of past landslides.

In the test-site slope, near by the monitoring station, the Italian Landslides Inventory (IFFI)
database indicates the presence of three rotational slides (Cruden and Varnes, 1996) with deep
failure surfaces (Fig. 1). These phenomena, as other similar deep landslides of the Oltrepo Pavese

hillslopes, were triggered by prolonged rainfalls and can be considered currently dormant.

As shown in Fig. 4a, in the last five years the yearly rainfall amounts in the study area have always
had values higher than the mean yearly amount of the period 2004-2013. In this time span, in
Oltrepd Pavese, many shallow landslides events occurred, affecting superficial soils above the
weathered or not-weathered bedrock and with a failure surface located in correspondence of the
interface between topsoil and bedrock, at a depth ranging between 0.5 and 2.0 m from ground, and,
more rarely, above this limit, in correspondence of the contact between soil levels with different

permeability.

The triggering event of 27" and 28" April 2009 was the most important of the last five years and
the first documented case of rainfall induced shallow landslides that hit the north-eastern sector of
Oltrepo Pavese since the fifties of the last century. Shallow landslides occurred on April 2009 were
triggered in consequence of an extreme rainfall event characterized by 160 mm of cumulated rain in
62 h (20% of the yearly average amount of 1921-1979 period, 25% of the yearly average amount of
2004-2013 period) with a maximum intensity of 22 mm/h at 9 p.m. on 27" April (Zizioli et al.,

2013). In the surrounding area of about 240 km? this event caused more than 1600 shallow
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landslides, with the highest density (29 landslides per km?) registered in the zone where the

monitored slope is located.

During the April 2009 event, the test-site slope was affected by many rainfall-induced shallow
landslides (Fig. 2), whose source areas tended to be concentrated in correspondence of slope angle
changes (Fig. 2, 3) and had failure surfaces located at a depth ranging between 0.5 and 1.0 m from

ground level (Fig. 3).

Further shallow landslides occurred in this area: a) in the period between March and April 2013,
due to close rainfall events which determined an high cumulated rainfall amount (till 227.8 mm
measured in Canevino rain gauge, equal to 28.5% of the annual average amount; Zizioli et al.,
2014); b) between 28" February and 2" March 2014, due to an intense rainfall event (68.9 mm in
42 h registered by the rain gauge of the monitoring station installed in the test-site slope) following

thirty rainy days with a cumulated rainfall amount of 105.5 mm.

While no phenomena were observed in the study slope due to the 2013 rainfall events, a shallow
landslide was triggered during the 28" February-2" March 2014 event 15 m far from the
monitoring station (Fig. 1, 2), near the bottom of the slope, very close to a little scarp occurred in
April 2009. The source area of the shallow landslide occurred on 2" March 2014 has the same
slope angle of the zone where the monitoring station is located (30°), and the failure surface is at

1.0 m from ground level.

2.2 Study slope soil characterization
2.2.1 Pedological description and characterization

A multidisciplinary study was carried out to characterize the superficial soils and the weathered

bedrock of the study slope.
11



In correspondence of the monitoring station, a pedological description of the representative soil
profile was performed. Seven main soil horizons were identified (Fig. 5): an OL horizon (0-0.01 m),
labeled as A; an Al horizon (0.01-0.1 m), labeled as B; an Ak2 horizon (0.1-0.2 m), labeled as C;
an Apgk3 horizon (0.2-0.4 m), labeled as D; a Bgk horizon (0.4-0.7 m), labeled as E; a BCgk
horizon (0.7-1.1 m), labeled as F; a Cgk horizon (1.1-1.3 m), labeled as G. The weathered bedrock
(We. Bedr.), composed by sand and poorly cemented conglomerates, was identified at 1.3 m from

ground level, in agreement with the soil thickness measured near the monitoring station (Fig. 3).

According to the IUSS Working Group WRB (2007) the soil is classified as Calcic Gleysol. All the
soil horizons have a silty texture, except for the G horizon that has a silty-clayey texture. Different

amounts of secondary carbonate accumulations such as soft coatings were identified in the profile.

Calcimetry analyses provided an indication of the total carbonate content at different depths. This
parameter is rather uniform both in the soil profile and in the weathered bedrock ranging from 13.7
to 16.1 % (Fig. 5a), except for the G level where the carbonate content is much higher than the other
levels, reaching values till 35.3 % at 1.2 m from ground (Fig. 5a). Level G can be then considered
as a calcic horizon and the less permeable level of the entire soil profile, as already shown in similar
pedological profiles having a calcic horizon at least 0.2 m thick (Stakman and Bishay, 1976;
Baumhardt and Lascano, 1993). Pedological characterization also shows that the soil has an organic
carbon (O.C.) content lower than 3.0 %, that decreases with depth (Fig. 5b), and a rather steady
basic pH (8.3-8.8) along the profile. Moreover, also the cationic exchange capacity (C.E.C.) keeps

rather steady along the soil profile, with values ranging between 12.3 and 15.9 meqg/100 g (Fig. 5¢).

Below 0.2 m from the surface in the soil profile, redoximorphic features have been recognized,
testifying an episaturation of water and a movement of perched water table that, in case of extreme
rainfall events, could rise till the more superficial soil horizons causing the complete saturation of
the soil profile.

12



2.2.2 Mineralogical and geotechnical characterization

An X-Ray diffraction analysis on tout-venant from different soil levels confirmed the abundance of
carbonate (Carbonate min.) and clay minerals (Clay min.) all along the soil profile (Fig. 5d).
Instead, in the weathered bedrock, there is a prevalence of feldspar minerals (Feld. min.; Fig. 5d)

due to its sandy and conglomeratic character.

On the basis of the grain-size distribution, soil horizons have a high silty content, ranging from
51.1% to 65.6%, that tends to slightly grow with depth, and clay content higher than 21.3% (Fig.
5e; Tab. 1). Sand and gravel contents are always low in the soil levels, till 0.5 and 7.5 % in the G
horizon, respectively. Instead, the weathered bedrock at 1.4 m, immediately below the topsoil, is

constituted by a sand lens, as testified by a sand content of 75.0% (Fig. 5e; Tab. 1).

By analyzing the clay soil fraction (< 2 um), it mostly appears constituted by smectite and chlorite
(Fig. 5e). In particular, smectite constitutes about 50% of the soil finest fraction, and then, about 10-

15% of the solid particles of the studied soils.

According to USCS classification, soil horizons are prevalently non plastic or slightly plastic soils
(CL). Liquid limit (w,) ranges from 38.5 to 41.9 %, while plastic limit (wp) ranges from 24.2 to
25.3 % and both keep steady along depth (Fig. 5g). Plasticity index (P,) follows the trend shown by

wand wp (Tab. 1).

The unit weight (y) and porosity for both the topsoil and the weathered bedrock were determined
from undisturbed samples. Unit weight has a significant increase in the F horizon from 16.7 to 18.6
kN/m?® and then keeps rather steady with depth (Fig. 5h; Tab. 1). Instead, in correspondence of the

same level, the porosity shows an important decrease, passing from 49.8 to 42.3 % (Fig. 5i; Tab. 1).
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Figure 5. Test site representative soil profile and weathered bedrock pedological classification and
selected properties trend along depth: a) carbonate content; b) organic carbon content; ¢) cationic
exchange capacity; d) mineral content; e) grain size distribution; f) mineral content of soil fraction <

2 um; g) liquid and plastic limits; h) unit weight; i) porosity; I) friction angle; m) effective cohesion.
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Representative | Gravel  Sand Silt Clay " P, Y ol c
depth
m % % % % % % kN/m?® ° kPa
C 0.2 12.33 1250 53.92 21.25 39.79 17.18 17.00
D 0.4 1.50 11.40 59.42 27.68 38.46 14.25 16.70
E 0.6 8.47 13.23 51.10 27.20 40.32 15.65 16.70 31 0
F 1.0 2.40 1220 56.40 29.00 39.15 1594 18.60 33 0
G 1.2 0.50 7.50 65.63 26.37 4185 16.54 18.25 26 29
We. Bedr. 1.4 0.20 75.00 24.80 0.00 - - 18.06

Table 1. Selected geotechnical and physical features of the studied slope soil and weathered

bedrock.

On the basis of these features, the soil profile can be divided into two main sectors: the first shallow
sector, which includes the topsoil, extends till 0.7 m from the ground level, while the second deeper
sector extends below and is more compact than the upper one, as testified by the higher unit weight

and the lower porosity.

Peak shear strength parameters were reconstructed for the E, F and G horizons through triaxial tests
(Fig. 51, m; Tab. 1). E and F horizons have friction angle (¢’) between 31° and 33° and nil effective
cohesion (c¢’). The G horizon is characterized by a friction angle equal to 26° and effective cohesion

of 29 kPa.

Oedometer tests were performed for undisturbed samples taken in correspondence of both the E
horizon (0.40-0.55 m from ground), the F horizon (0.85-1.0 m from ground) and the G horizon (1.2
m from ground). All these soil horizons are over-consolidated. Furthermore, similar values of
compressibility index (around 0.2) and swelling index (around 0.05) were measured in these

horizons.
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2.3 The monitoring equipment

The integrated field monitoring station installed in the test-site slope (Fig. 6) consists in a rain
gauge (Model 52203, Young Comp., Traverse City, M), a thermo-hygrometer (Model HMP155A,
Campbell Sci. Inc., Logan, UT), a barometer (Model CS100, Campbell Sci. Inc., Logan, UT), an
anemometer (Model WINDSONIC, Campbell Sci. Inc., Logan, UT) and a net radiometer (Model
NR-LITE 2, Kipp & Zonen, Delft, Netherlands). These meteorological sensors are linked to six
Time Domain Reflectometer (TDR) probes (Model CS610, Campbell Sci. Inc., Logan, UT)
equipped with a multiplexer (SDMX50, Campbell Sci. Inc., Logan, UT), installed at 0.2, 0.4, 0.6,
1.0, 1.2, 1.4 m from ground level to measure the soil water content (Fig. 5). TDR measurements of
water content were checked in the first stages of the monitoring and, in order to reject uncorrected

values, an appropriate algorithm was applied.

Moreover, a combination of three tensiometers (Model Jet-Fill 2725, Soilmosture Equipment Corp.,
Santa Barbara, CA) and three Heat Dissipation (HD) sensors (Model HD229, Campbell Sci., Logan,
UT), installed at 0.2, 0.6, 1.2 m from ground level in different soil horizons, are used to measure
pore water pressure. The tensiometers directly measure the pore water pressure, while the HD
sensors use the Flint et al. (2002) equation to convert in pore water pressure the measured change in
soil temperature after a constant heating period. HD sensors allow to acquire only pore water
pressure lower than -10° kPa (Bittelli et al., 2012); thus, tensiometers are installed in

correspondence of the HD sensors to measure values higher than -10* kPa.

As well as for the TDR probes, the depths of the installation of HD sensors and of tensiometers
were chosen on the basis of the soil stratigraphy under the monitoring station and for evaluating the
responses of unsaturated zone at different depths in terms of water content and pore water pressure

in relation with different meteorological conditions.
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Figure 6. Schematic representation of the monitoring station.

The measurement devices were positioned in undisturbed soil layers next to a trench pit purposely
digged for their installation and were connected to the datalogging system. TDR probes, HD sensors
and tensiometers were installed behind the trench pit and the datalogging system to keep them in
natural undisturbed soil. In this way, the water flows have been kept in natural conditions and the
presence of preferential flows can be negligible. The meteorological sensors were installed in
correspondence of the datalogging system, except for the rain gauge, which was positioned on the

ground next to the trench pit.

The field data are collected by a CR1000X datalogger (Campbell Sci. Inc.) powered by a
photovoltaic panel. In this work, field data acquired during a continuous monitoring of about two

years (27" March 2012-17" April 2014) are analyzed.
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2.4 Models for slope stability analysis

At the moment, different models could be used for the stability analysis of a slope potentially
affected by rainfall-induced shallow landslides in unsaturated conditions. They can be roughly
distinguished into numerical and simplified methods. Numerical methods allow a detailed study of
the problem at the slope scale, by considering complex constitutive models for the partially
saturated soil and steady-state seepage in both saturated and unsaturated conditions. Nevertheless,
the computational load is relatively high and determining the values of the parameters is often very
hard. If the study is aimed at evaluating the stability conditions of a class of slopes on a wide area,
the safety factor of a single slope can represent a useful concise parameter, especially if the final
objective is a “distributed” stability analysis on large areas. From this viewpoint, two “simplified”
models based on the limit equilibrium method have been chosen in the present study. Although the
selected models have been only applied at slope scale, the further goal of the validation process is

the possible extension of the same models at local and regional scale.

In a simplified model the values of hydrological parameters as pore water pressure or water content
are used to take into account the soil unsaturated conditions on safety factor computation (Duncan
and Wright, 2005). The Lu and Godt's (2008) model was selected because, through the term of
suction stress, which allows for representing the mechanical behaviour of an unsaturated soil (Lu
and Likos, 2004), the safety factor can be calculated alternatively by considering water content or
pore water pressure. For this reason, by using the same model, the main differences on
computations deriving from choosing one or the other parameter can be highlighted. Furthermore,
the equations of the suction stress proposed by Lu et al. (2010) allow for considering the SWCCs
parameters on suction stress computation. In this way it was possible analyzing the effect of the
hysteresis on suction stress and, then, on the safety factor, by considering either the MDCs or the

MWCs parameters.
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The safety factor trends estimated through the Lu and Godt's model were compared with that one
reconstructed by applying a different simplified model (SLIP model) which is based on a scheme of

computation only linked to the seasonal trend of the soil water content.

The hydrological data collected by the monitoring station allowed for identifying the studied soil
hydrological behaviours and for reconstructing field hysteretic SWCCs, whose parameters were
used in the safety factor estimation through the Lu and Godt's model. Furthermore, these data were
inserted in two hydrological softwares (HYDRUS-1d and RETC) for modelling the studied soil
Hydraulic Conductivity Functions (HCFs) so determining the soil saturated hydraulic conductivity
Ks. The SWCCs and HCFs properties were employed in HYDRUS-1d code to model the trends in
time of pore water pressure and water content and compare them with the measured ones at
different depths. In this way the reliability of the reconstructed soil properties was confirmed, and,
then, the modelled trends of hydrological parameters at some depths were coupled with those
measured by the monitoring station trends as fundamental inputs to evaluate the change in safety

factor in time and to identify the triggering conditions of slope failures.

2.4.1 Lu and Godt's model

Lu and Godt (2008) developed a closed-form equation to extend the infinite slope model for the
evaluation of the safety factor under partially saturated conditions, also to evaluate the trend of the
safety factor in relation to the changes in the soil hydrological parameters linked with rainfall

infiltration.

Into the typical equation expressing the limit equilibrium method applied to an infinite slope, they
inserted the equation of the generalized effective stresses ¢’ (Eq. 1) that also takes into account

partially saturated conditions (Lu and Likos, 2004):
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r_ _ _ S
o'=(c-uy)-o Eq. 1

where o is the total stress, u, is the pore air pressure and ¢° is the suction stress, which groups all the
inter-particle physico-chemical forces and inter-particle capillary forces which counterbalance the
shear stress in unsaturated soils (Lu and Likos, 2006). When a soil approaches saturation, the
suction stress is reduced, and this phenomenon can be assumed as the main triggering mechanism

for landslides (Lu et al., 2010).

Lu and Likos (2006) demonstrated as suction stress depends on the soil water content 6, through the

term of degree of saturation S, and on the soil pore water pressure ug-uy, (EQ. 2):

S

0¥ =—(ug —uy )Se Eq. 2

in which the saturation degree is computed through Eq. 3:

s r Eq 3

where 0 is the soil water content, and 0 and 0, are the saturated and the residual water content,

respectively.

Lu et al. (2010) proposed two formulations for calculating suction stress only considering either the

saturation degree (Eq. 4) or the pore water pressure (Eg. 5):
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- n—1 (”a _UW)>O

(ua_uw) (ua—uW)SO Eq.5

In Egs. 4 and 5, the terms o and n represent the fitting parameters of Van Genuchten's (1980)
equation, which, together with 6; and 6,, allow for the characterization of soil hydrological

properties through the SWCC.

Lu and Godt’s (2008) model for slope stability analysis uses the term of suction stress ¢° to
calculate the safety factor (Fs) considering the change on soil hydro-mechanical properties linked to
rainfall infiltration (Eq. 6):

£ - c'+(yzcos? B —o°)tan ¢
) yzsin B cos Eq. 6

where ¢’ is the effective cohesion, vy is the unit weight of the soil, z is the depth below ground level
in which a potential sliding surface could develop, B is the slope angle and ¢’ is the friction angle.
Considering stress variations in vertical directions and a steady vertical seepage, Eq. 6 can be

rearranged to Eq. 7:

FS:tan¢>+ 2¢ —Z_[(tan B + cot B)tan ]
tan g zsin2p 7z Eq. 7

Due to the different formulations which can be used for ¢° calculation, Fs can be modelled since on

the basis of either soil water content or soil pore water pressure data.

2.4.2 SLIP model
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The SLIP model (Montrasio, 2000; Montrasio and Valentino, 2008; Montrasio et al., 2011, 2012) is
a physically based model for the analysis of triggering time of rainfall-induced shallow landslides.
The model assumes that the potential failure surface is located, with respect to the ground level, at a
depth H corresponding to the contact between two soil layers with different permeability, where the
base layer is less permeable than the upper one. The model considers the potentially unstable topsoil
has homogeneous and characterized by isotropic features in terms of hydrological and geotechnical

properties.

The model defines the safety factor Fs by applying the limit equilibrium method to an equivalent
infinite slope that is composed of two soil parts: a partially saturated part and another that represents
the saturated zones. Homogenization is used to obtain the downgraded (with respect to the original
conditions) shear strength characteristics of an equivalent soil that is stable in the presence of both
saturated and partially saturated zones; this is consistent with both the principles of soil mechanics

and the application of the limit equilibrium method.

For simplicity, the saturated zones are represented in the model by a saturated sub-layer of thickness
mH (0 < m < 1). The saturated sub-layer mH co-exists with an unsaturated sub-layer of thickness

H(1-m) and, in its turn, the parameter mH is related to the total amount of rainwater.

The sliding process begins when a relatively wide continuous stratum of saturated soil (mH) has
formed, usually in correspondence of the contact between levels with different permeability. The
stability of a slope is evaluated through the safety factor (Fs), by also taking into account the partial
saturation contribution to the soil shear strength, in terms of the apparent soil cohesion, for soil

under partially saturated conditions. F is then calculated as follows (Eqg. 8):

£ cot ftan@'[I" +m(py —1)]+c' 2

S

Eqg. 8
I'+mp,

where
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I"=Gs(1—p)+pS, Eqg. 9

pPg=pP(1-S¢) Eq. 10
B 2
sin2fHy,, Eq. 11

C’:[c’+c(/, Jus = I_c'+ASe(l—Se)’1(1—m)“lJAS Eq. 12

S @
m=——73———Yh;exp|-Kr(t—t;
H(1 Se)izll [ T( I)] q.13

The symbols from Eq. 8 to Eq. 13 have the following meanings: B is the slope angle; ¢’ is the soil
friction angle; vy, is the unit weight of the water; H is the thickness of the potentially unstable layer;
AS is the unit length of the soil slice; m represents the saturated fraction of the soil layer with
respect to its thickness H; p is the porosity of the soil; p, is the amount of the soil porosity occupied
by the air; Gs is the specific weight of the soil; Se is the saturation degree of the soil; ¢’ is the
effective soil cohesion; c, is the apparent cohesion given by the partial saturation of the soil; A, A
and o' are numerical calibration parameters; & is a runoff coefficient; Ky is the discharge capacity of

the slope; t is the current time instant; and t; is the time to which the rainfall depth h; corresponds.

As shown by Eq. 8, the SLIP model assumes that Fs is directly correlated with the rainfall amount
during a particular event by considering the factor m as a function, at each considered time step, of
previous rainfalls and of the parameter Ky, which is linked to the drainage coefficient of the soil.
Furthermore, Fs depends on the soil saturation degree S, and, then, by the soil water content

according to Eqg. 3.

3. Results

3.1 Monitored soil hydrological parameters dynamics
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The monitoring station data were used to determine the dynamics of water content and pore water
pressure in both the soil profile and the weathered bedrock (Fig. 7). Average hourly values of water
content and pore water pressure were considered. Due to break of the tensiometer at 0.2 m from
ground level, at this depth pore water pressure in the range between 0 and -10' kPa was not
measured since November 2012 till the end of the analyzed period. No data were acquired between

January 10™ and15™ 2014 due to a not correct functioning of the station alimentation system.

In the analyzed period, the water content ranged between 0.10 and 0.45 m®*m™ in the topsoil, and
between 0.15 and 0.38 m*m™ in the weathered bedrock. Instead, pore water pressure ranged from

positive values, till 12.7 kPa in the G horizon, to values in the order of -10° kPa.

The field pore water pressure measurements had a good level of confidence in a range close to
saturation till around -300 kPa. In fact, some laboratory tests (filter paper test) and field tests
(measures with portable tensiometer, Model Quick Draw, Soilmosture Equipment Corp.) performed
in different seasons gave pore water pressure values very similar to those measured by the
monitoring system, with differences in the order of 1-2 kPa, very close to saturation, till 10 kPa far

from saturated conditions.

The installed tensiometers require a correction of the measured values due to height of the water
present in the column of the instrument, with an increase of 1 kPa of the initial values for each 0.1
m of depth in the soil. For this reason, it is possible to measure also positive values of the pore
water pressure, as already shown in previous works (Zhan et al., 2006). Furthermore, the upper limit
of pore water pressure measurements is limited by height of the water in the column of the
instrument (Zhan et al., 2006) and it reaches values in the order of 6 kPa in the E horizon and 12

kPa in the G horizon.
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It is immediately clear that water content and pore water pressure dynamics are strictly connected to
rainfall trends and that different hydrological behaviours can be identified in the soil profile (Fig.

7).

The soil horizons till 0.6-0.7 m from ground level had quick response than the deepest soil horizons
to long dry or long wet periods. In summer months, decreases of the water content and of the pore
water pressure are faster in the most shallow soil horizons than in the deeper ones (Fig. 7), due to
evapotranspiration effects and to the water uptake from the roots of grass and shrubs. During rather
prolonged rainy periods following dry periods, as in autumn months, re-wetting of the shallowest
soil horizons is fast (Fig. 7, 8a, b), as well as after rainfall events characterized by low duration and
low cumulative rainfall (e.g. 34.8 mm in 21 h on 31* October - 1% November 2012, Fig. 7a, b; 42.2
mm in 34 h on 6™-7" October 2013, Fig. 6a, b). On the other hand, only prolonged rainy periods,
with many rainfall events in few days or weeks, can provoke an increase of the pore water pressure
and of the water content in correspondence of soil horizons deeper than 0.6-0.7 m and of weathered

bedrock (Fig. 7).

In autumn re-wetting events, the wetting front reached a depth of 0.4 m from ground in about 12-15
h since the rain start, and similarly reached a depth of 0.6 m in about 20-22 h (Fig. 8a, b). In these
cases, superficial soil levels did not get completely saturation and the pore water pressure increased
from -400 kPa only till about -100 kPa in correspondence of the E horizon. The wetting front
seemed stopped in correspondence of the contact between the E and F horizons. At this level, due to
the lower porosity and the higher depth of the soil beneath 0.6-0.7 m from ground, the wetting front
slows and is not able to propagate at further depths given the restricted rainfall duration, and then

only prolonged rainy periods can cause a re-wetting in deepest soil horizons.

The rapid re-wetting as consequence of early autumn rainfalls of the soil horizons till 0.6-0.7 m
from ground may also be due to the presence of desiccation cracks and other macro-voids all along
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the soil profile, where preferentially rainwater could flow. This fact could promote a quick

development towards near saturated conditions of the cracks and the macro-voids (Bittelli et al.,

2012; Smethurst et al., 2012).
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This behaviour seems more pronounced during concentrated and moderately intense summer
rainstorms, such those occurred on 27" June 2013 (13.3 mm in 2 h), on 26™ August 2013 (16.5 mm

in 3 h; Fig. 8e, ), and on 11™ September 2013 (9.1 mm in 3 h).

These particular phenomena seem linked to non-equilibrium processes due to a fast infiltration
phase (Rogers and Klute, 1971; Ross and Smettem, 2000; Simunek et al., 2003; Vogel et al., 2010;
Diamantoupoulous et al., 2012), in which, during a drainage or an infiltration process, pore water
pressure or water content trend lags behind each other by the SWCC equilibrium. Furthermore,
TDR probes seem to be not able to identify the quick transfer of the wetting front in cracks and in
the macro-voids in superficial horizons after summer concentrated rainfalls. Instead, it could not be
possible to completely monitor the non-equilibrium processes during summer events because the
HD sensors in the shallow soil levels (till 0.6 m from ground) were not able to measure pore water
pressure values during and immediately after the rainfall event intensity peak. For this reason the

pore water pressure trends for C and E horizons appeared not continuous (Fig. 8f).

In winter and spring months, especially between December and May, frequent precipitations can
increase the soil wetness till it approaches or reaches saturated conditions. In particular, completely
saturated conditions were reached in the G horizon during wet periods in winter and spring 2013
and 2014, as testified by the values of pore water pressure which kept quite steady around 0 kPa till
reaching positive values around 1-3 kPa in correspondence of more intense rainfall events (e.g. 29.8
mm in 24 h in 24-25" March 2013, Fig. 8c, d; 24.6 mm in 15 h in 30" March 2013; 29.5 mm in 26
hin 4-5™ April 2013; 34.6 mm in 47 h in 18-19" January 2014; 68.9 mm in 42 h 28" February - 2™

March 2014; Fig. 8g, h).

27



?.Eé llejurey

S ¥ € 2z L 0
= _\))_ | | Im
€ E
= o
RN e
w o
| | 2
o
- ™M
= L9
o
Q
5 o
| | [ [
0 00v- 008- 00ZL-

(ed) @inssaud Jojem alod

(Yrww) jlejurey
S ¥ € 2 1 0

T

10 20 30 40 50 60

—131/10-01/11/2012

0

| I [ I |
govo€eoco 1000
AmeEv JUB1U0D JBJeNA

Time (h)

Time (h)

( Urwiw) ejuey

s ¥ ¢€ ¢ L 0
| | | | _0
T ~~ wn
€ E
© AN
L o
wo <
O)
n<
()
_E
& F
)
)
5 o
m -
&
<
N (e J
I I I I
G 0 G- 0l-

(eg¥) ainssaid 1ojem aiod

S

(Yww) jejurey
v € ¢ 1L 0

- 24-25/03/2013

30 40
Time (h)

20

10

o

T

go¥o€oco Loo00
AmeEv JUSJU0D JBJepA

0¢

Gl

( Yrwiw) ejurey
ol

S 0
_

—

C(-0.2m)
— E (-0.6 m)
—G(-1.2m)

26/08/2013

T
0

T
00t~

008-

_ T
00¢l}-

(edy) @inssoud Jajem alod

m.r_.Ec: llejurey

0c GL ol g 0
| | |
e  F I
mmm)mm
N<o ENL
QLI
CDEF@\M -%
L]
O
AN
32} L O
m r
. s
ﬂ T T T T T ©
¢go¥0€0<c0o L0000

( m.cwEv JUBJU0D JBJBAA

Time (h)

(Yww) jejurey
S ¥ € 7 1
| | |

0
_

h

— E (-0.6 m)
—G(-12m)

0 g

O — 28/02-02/03/2014

(Yww) jejurey
S ¥ € T 1

| | | |

[
0lL-
(edy) ainssaud Ja)em alod

0

o , _E
, mmm)mm
| NSO ENL

|

—128/02-02/03/2014

| I
govoeo ¢
( meEv JUSJU0D JBJeAA

I

I
0100

0

10 20 30 40 50 60

0

10 20 30 40 50 60

0

Time (h)

Time (h)

Figure 8. Water content and pore water pressure trends in soil and weathered bedrock levels during

and immediately after different rainfall events: 31% October - 1* November 2012 water content (a)
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and pore water pressure (b) trends; 24-25" March 2013 water content (c) and pore water pressure
(d) trends; 26" August 2013 water content (e) and pore water pressure (f) trends; 28" February - 2"

March 2014 water content (g) and pore water pressure (h) trends.

Moreover, rather prolonged rainy periods with many rainfall events could cause another pore water
pressure increase, as that occurred in the end of April-first day of May 2013, when pore water
pressure reached 12.7 kPa in the G horizon (Fig. 7b). When the pore water pressure in the G level
ranged from -2 kPa to positive values for many days, the TDR probe of this level measured
anomalous values of soil water content around 0.45 m®-m?, i.e. a value higher than the porosity of

this soil.

In the E horizon, in wet periods, the pore water pressure did not reach positive values, but it only
increased till values of -3 kPa, thus testifying that this soil level approached saturated conditions,
also in agreement with the highest values of soil water content measured by the TDR probe at the
same depth (around 0.40 m®-m™). It is possible that non-equilibrium processes can also develop in

this situation.

Ross and Smettem (2000) and Voget et al. (2010) demonstrated that during fast infiltration phases
water content and pore water pressure can lag between their equilibrium and the soil water content
can increase till saturated values, while pore water pressure keeps quite steady. This could explain
the presence of a quite steady negative pore water pressure even when the soil water content is close

to saturation.

In correspondence of rainfall events occurred during wetting periods, the infiltrated rainwater
reached soil levels till 0.6 m from ground in about 12-14 h, which is faster than the arrival time for

autumn re-wetting events, due to the higher initial soil water content (Fig. 8). After rainfall
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occurrence in wetting periods, the wetting front is also able to reach a deeper level in the soil
profile: in particular, it reaches 1.0 m from ground in about 20-22 h (Fig. 8c, g) and 1.2 m from
ground (in the G horizon) in about 25 h (Fig. 8d, h). Then, the wetting front spends about 12 h to
cover the first 0.6 m of the soil profile and about 18 h to reach the further 0.6 m. The higher time
required for the infiltrated rainwater to reach both the F and the G horizon confirms that these levels

are less permeable than the most superficial ones.

During wetting periods, water content in the weathered bedrock was lower than the overlying G

horizon (Fig. 7a).

According to the monitored data, it could be supposed that during these periods a perched water
table formed in the G horizon. This level, which is less permeable due to the higher content in
carbonates, is the first to reach complete saturation during prolonged rainy periods or after very
intense rainfall events, while the upper soil levels could be saturated later, through a mechanism

similar to a perched water table rising (Li et al., 2013).

In particular, this uprising was observed in correspondence of 28" February - 2™ March 2014 and it
probably was the main cause which determined the shallow landslide triggering near the monitoring
station (Fig. 8g, h). In correspondence of this event, the topsoil till 0.6-0.7 m from ground level and
the G horizon behaved as during other rainfall events in winter-spring months and in other wetting
periods, as shown in Fig. 8c, d. On the contrary, the F horizon, which is positioned immediately
above the G level, was affected by a significant increase of the water content, passing from 0.32
m*>m™ to values similar of those measured in the G horizon (Fig. 8g). This increase testified an
uprising of the perched water table, which is usually present in the G horizon in wetting periods till
0.8-1.0 m, leading to the complete saturation of the F horizon as well. This condition was already
noticed in previous works (Tohari et al., 2007) and can be considered the triggering mechanism of
rainfall-induced shallow landslides in the test-site slope.
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3.2 Field reconstruction of SWCCs

For the soils belonging to the C, E and G horizons, where both the TDR probes, the tensiometers
and the HD sensors were installed, SWCCs were reconstructed by coupling field measurements of
pore water pressure and water content (Fig. 9). The values measured during drying or wetting

periods of the monitored time span, also shown in Fig. 7, were distinguished.

SWCCs are usually reconstructed for the estimation of the unsaturated soil hydromechanical
properties (Fredlund et al., 2011). Unsaturated conditions are represented by the negative range of
pore water pressure, till 0 kPa. For this reason, in these reconstructions, positive values of pore

water pressure measured in the G horizon have been disregarded.

It was noticed how an hydrological hysteresis process affected the investigated soils. A Main
Drying Curve (MDC) and a Main Wetting Curve can be identified (MWC) for both the E and the G
horizons, with a not-closed hysteretic behavior (Fig. 9) and, as a consequence, a complete hysteresis
cycle passing from drying to wetting conditions can be noticed (Fig. 9). SWCC of the E horizon
showed a high degree of scattering, especially in conditions very close to saturation (Fig. 9b), due to
very short hysteresis processes occurred after more intense rainfall events during drying and wetting
phases, which determine numerous less evolved scanning drying and wetting curves. Instead,
SWCC of the G horizon shows less scattered field measured values (Fig. 9c), because, due to its
higher depth in the soil profile, this horizon is not affected by single rainfall events but only by

more prolonged rainy or dry periods.

As before mentioned, for the C horizon, only a MDC is evident, due to the lack of tensiometric

measurements during wetting periods (Fig 9a).
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In correspondence of pore water pressure values around -10° kPa, the trend of each MDC on
logarithmic scale shows a very high gradient. This effect is linked to the main drying phase of the

studied soil during the dry season, when pore water pressure keeps rather steady and water content,

instead, slowly and continuously decreases (Fig. 7).
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Field measured data have been interpolated by using the Van Genucthen's (1980) equation, whose
fitting parameters were evaluated through the Marquardt's (1963) algorithm. The reliability of the
fitting procedure has then evaluated by considering the Root Mean Square Error (RMSE) statistical
index. RMSE values of the fitted field curves ranged between 0.0092 and 0.0165 m*m?, thus
testifying that there is a good agreement with field experimental data, especially for the G horizon,

where the effect of short hysteresis processes is less pronounced (Tab. 2).

MDC MWC
O Ng Osq Org RMSE Oy Ny Osw (o RMSE
kPa! - m*m?®  m'm® mm?® | kPal - m*m?®  mm® mim?

C 0.016 1.30 0.370 0.01 0.0159

E 0.007 1.35 0.425 0.01 0.0165 | 0.010 1.43 0.395 0.01 0.0104

G 0.004 1.20 0.390 0.01 0.0092 | 0.006 1.26 0.370 0.01 0.0103

Table 2. Van Genuchten equation fitting parameters of field fitted MDCs and MWCs for the studied

soil horizons.

Due to the not-closed global hysteresis loop for E and G horizons (Fig. 9b, c), 6s decreased from
0.425 m*m™ to 0.395 m*m™ for the E horizon and from 0.39 m*m™ to 0.37 m*m™ for the G
horizon (Tab. 2), in the order of about 7-8 % between drying and wetting paths. For field SWCCs of
the E and G horizons, passing from drying to wetting conditions, an increase in the o, fitting
parameter is highlighted with respect to the ag (Tab. 2), as already shown in previous works (Kool
and Parker, 1987; Likos et al., 2013). Furthermore, due to not-closed hysteretic behavior of the
soils, also the n,, parameter increases with respect to nq (Tab. 2). Instead, 6,4 and 0, coincide in the

field MDCs and MWCs for both E and G horizons (Tab. 2).
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3.3 Modeled soil hydraulic conductivity functions

The HYDRUS-1D code Vers. 4.16 (Simunek et al., 2008, Simunek et al., 2013) and RETC code
Vers. 6.xx (Van Genuchten et al., 1991) have been used to perform an inverse modeling of the
Hydraulic Conductivity Functions (HCFs) of the C, E and G horizons based on the field measured
water contents and pore water pressures (Fig. 10). The Hydraulic Conductivity Functions have been
fitted by using the Mualem (1976)-Van Genuchten (1980) model. The HCF of a soil is
characterized by the same fitting parameters of the corresponding SWCC (Lu et al. 2013). For this
reason, the fitting parameters of the HCFs modelled through HYDRUS-1D were compared with the

parameters of field reconstructed SWCCs to further evaluate their reliability.

It has been noticed that the VVan Genucthen fitting parameters estimated with the HYDRUS-1D
code are substantially equal to the corresponding parameters of the field reconstructed SWCCs
(Tab. 2). Only parameters a4 and ay, of the E and G horizons present a little difference, with values
slightly lower (respectively, 0.005 than 0.007 kPa™ and 0.009 than 0.010 kPa™ for E horizon, 0.002
than 0.004 kPa™ and 0.004 than 0.006 kPa™ for G horizon) than the ones reported in Tab. 2. For this
reason, the field estimated MDC and MWC properties are in good agreement with the field data and

can be employed in the slope stability analysis.

The modelling of HCFs based on field data through HYDRUS-1d and RETC also allowed for
estimating the saturated hydraulic conductivity K corresponding to a pore water pressure of 0 kPa.
Modeled HCFs of both the E and G horizons show not-closed hysteretic loops, while for the C
horizon only the MDC path of the HCF was estimated, due to the lack of data needed to fit also the
MWC path (Fig. 10). Equal values of the drying saturated hydraulic conductivity Ky have been
obtained for the C and E horizons (7.2 cm/h), while the G horizon has a Kgy value equal to 3.0 cm/h,
which is lower than that of the overlying soil levels (Tab. 3). It has been noticed that modeled K
values of the investigated soils are higher than 1.0 cm/h with respect to measured values obtained
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through laboratory tests (Hyprop device, UMS GmbH, Munich, Germany). Passing from drying to

wetting conditions, K, decreases with respect to the corresponding Ksy (Tab. 3): in particular, the

saturated hydraulic conductivity drops by half for the E horizon (3.6 cm/h than 7.2 cm/h), while this

decrease is less marked for the G horizon (2.2 cm/h than 3.0 cm/h). This reconstruction shows how

the G horizon has a K lower than the other horizons in the studied soil profile.
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Figure 10. Modeled HCFs for studied soil horizons.

MDC MwWC
st sz
cm/h cm/h
C 7.2 -
E 7.2 3.6
G 3.0 2.2

Table 3. Modeled saturated hydraulic conductivity values at pore water pressure equal to 0 kPa for

the studied soil horizons.
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Figure 10 shows the reconstructed curves of the hydraulic conductivity as function of the pore water
pressure for both MDC and MW(C cases. It can be noticed how the more evident decrease in soil
hydraulic conductivity corresponds to values of pore water pressure between -10" and -10% kPa (Fig.
10). The reconstructed values of the hydraulic conductivity when the soil approaches saturated
conditions are consistent with the observations on the travel time of wetting front propagation in the
soil profile during rainfall events occurred in wetting periods. In fact, when the soil has a pore water
pressure between 0 and -10 kPa, infiltrated rainwater travels at about 4 cm/h till 0.6 m from ground
(E horizon), while, according to the curve, the hydraulic conductivity is of about 3.4 cm/h.
Furthermore, in correspondence of the same pore pressure conditions, the wetting front propagates
between the E and G horizons in nearly 2 cm/h, while, according to the curve, the hydraulic

conductivity is of about 1.7 cm/h.

3.4 Comparison between modeled and monitored water content and pore water pressure trends

The reconstructed SWCCs and HCFs parameters have been used as input data for the HYDRUS-1D
code to model the trend of soil water content (Fig. 11) and soil pore water pressure (Fig. 12) at
different depths in the period between 18" January 2014 and 9™ March 2014. This time span has
been chosen because it comprises the period antecedent the shallow landslide, that occurred on the
experimental slope between 28" February and 2" March 2014, and the days immediately after this
event. This period was characterized by many close rainfalls and a high cumulated amount of 169.8
mm in 41 days. The use of the HYDRUS-1D code aimed at modeling the pore water pressure trends
for the F horizon (-1.0 m), which was not available since the monitored data in correspondence of
the analyzed time span. The main goal was to compare the safety factor trends computed through
the Lu and Godt's model on the basis of either the water content or the pore water pressure at -1.0m
from ground level, where the shallow landslides failure surface developed on 2" March 2014.
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The modeling accounted for the hysteretic behavior of the soil horizons, by considering both the
MDCs and the MWCs parameters (Tab. 2, 3). Due to the lack of SWCC and HCF parameters for
the D (-0.4 m) and the F (-1.0 m) horizons, the values obtained in correspondence of the E horizon
(-0.6 m) have been assigned to these levels as well. This choice is linked to the similar grain size

distribution and carbonate content of these three levels (Tab. 1).

The modeled trends are in good agreement with the monitored trends for both soil water content and
pore water pressure (Fig. 11, 12). RMSE values of the modeled trends (Fig. 11, 12) are rather low
and this confirms the effectiveness of the reconstructed SWCCs and HCFs properties used in the
modeling. The highest RMSE values were found for modeled soil water content of the F and G
horizons (Fig. 11). Instead, the modeled water content at different depths in correspondence of the
three days when the shallow landslide occurred (28™ February- 2" March) are very similar to the

monitored ones (Fig. 11).
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Figure 11. Comparison between measured and estimated by HYDRUS-1D code soil water content

at different depths in the studied soil for the period between 18" January 2014 and 9" March 2014.
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Figure 12. Comparison between measured and estimated by HYDRUS-1D code soil pore water
pressure at different depths in the studied soil for the period between 18" January 2014 and 9"

March 2014.

As regards the G horizon, the measured and modeled trends are parallel, even if the modeled one
keeps lower of about 0.04-0.05 m*-m™ (Fig. 11). The difference between measured and modeled
water content could be linked to heterogeneities in this soil porosity and saturated water content
with respect to the values measured through laboratory tests and SWCCs reconstruction, which are

required in HYDRUS-1d for modeling.

The modeled trends of pore water pressure are in good agreement with the measured values (RMSE
less than 1 kPa), in particular for the G horizon (Fig. 12). Instead, the modeled pore water pressure
of the E horizon during the landslide triggering event is quite higher than the monitored values,

even if, as shown by the monitoring, no positive pressures were observed (Fig. 12).
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Given the reliability of modeled pore pressures at 0.6 and 1.2 m from ground level, it was decided
to employ the pore water pressures modeled by HYDRUS-1d at 1.0m as input data for the safety

factor computation through the Lu and God's model at this depth (F horizon).

3.5 Simplified slope stability analysis

The selected slope stability models (Lu and Godt's and SLIP model) have been applied to the test-
site slope for the period between 18" January and 9" March 2014, during which the occurrence of a
shallow landslides was observed on the same slope. The safety factor was calculated by considering
a slope angle (B) equal to 30.2° and the required soil hydrological parameters (soil water content

and soil pore water pressure).

The selected models required some similar soil parameters such as the soil unit weight vy, the
friction angle ¢' and the effective cohesion c' (Tab. 4, 5). Furthermore, the SLIP model required soil
specific weight Gs and soil porosity p (Tab. 5). For the SLIP model application, the values of
parameters A and A were chosen on the basis of experimental results reported elsewhere (Montrasio
and Valentino, 2008) for similar types of soil. The model parameter o' was considered equal to 3.4
on the basis of experimental measurements (Montrasio and Valentino, 2007). The coefficient &,
which accounts for both runoff and leakage, is considered a constant calibration coefficient and was
assumed equal to 0.7. Ky parameter value of 7.430 d™ was chosen on the basis of the saturated

hydraulic conductivity K estimation.

The Lu and Godt's model has been applied by considering the evaluation of the required suction
stress o° on the basis of either the water content or the pore water pressure (Eq. 4, 5), respectively.

This choice is due to the intention of identifying the possible differences on modeling the slope
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safety factor by taking into account water content or pore water pressure data and to investigate the

role played by considering soil MDC or MWC properties in this kind of model.

The SWCC parameters for suction stress estimation were evaluated on the basis of field
reconstructed hysteretic SWCCs. The properties referred to the MDC paths are indicated by the

suffix d, while the ones referred to the MWC paths by the suffix w (Tab. 3).

The Lu and Godt's model was directly applied to the soil horizons where both water content and
pore water pressure measurement devices are installed. In these reconstructions, the soil
hydrological and geotechnical parameters effectively measured at these depths (Tab. 3) were
assumed as input data. Due to the lack of field measurements at some depths (C and D horizons)
and given the similarity of the main geotechnical properties (Tab. 1) in the top-soil profile, the
mechanical and hydrological properties measured in the E horizon (0.6 m from ground) (Tab. 3)
have been assigned to the C (0.2 m from ground) and D (0.4 m from ground) horizons as well.
Moreover, for the same reason, the hydrological properties of the E horizon have been assigned to
the F horizon (1.0 m from ground level). The G horizon is characterized by different hydrological
features due, in particular, to its high carbonate content. Due to the break of the tensiometer, it was

not possible to reconstruct the safety factor based on pore water pressure at 0.2 m from ground.

Since the SLIP model considers the soil as homogeneous along the depth, it was decided to take
into account the mean values of measured vy, ¢', ¢' and p of the different layers till 1.0 m from
ground (Tab. 4). On the other hand, 1.0 m is also the failure surface depth of the landslide occurred
on 28"™ February - 2" March 2014. The safety factor trend obtained from the SLIP model was
compared with those obtained through the Lu and Godt's model on the basis of either the water

content or the pore water pressure at the same depth.
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Soil | Depth [ B MDC MWC
hor. Y ¢ C O o Org ng 0w 0w O Na
m ° |kN/m* ° kPa m*m®* kPal m:m? - m®>m? kPal m*m?® -
C 0.2 170 31.0 0.0 0.370  0.016 0.01 1.30 - - - -
D 0.4 16.7 310 00 0425 0007 0.01 1.35 0395 0.010 0.01 143
E 06 |[302| 167 330 0.0 0.425  0.007 0.01 1.35 0395 0.010 0.01 1.43
F 1.0 186 330 00 0425 0007 001 1.35 0.395 0.010 0.01 143
G 1.2 18.2 260 290 0390 0.004 0.01 1.26 0370 0.006 0.01 1.35
Table 4. Input parameters for Lu and Godt's model.
Soil | Depth | B Y o' c G p A A o & Kr
hor.
m ° |kN/m* ° kPa kN/m® - - - - - dt
Mean | 1.0 |302| 177 32 00 27 0.46 80 0.4 34 07 7.430

Table 5. Input parameters for SLIP model.

By considering the Lu and Godt's model, the suction stress and the safety factor trends followed the
hydrological parameters trends during and after rainy days. The most superficial soil levels were
affected by each single rainfall event of the analyzed period, while for the F horizon at a depth of
1.0 m, the suction stress and safety factor decreased progressively with the increase of the
cumulated rainfall, with a more abrupt change during the shallow landslide triggering event (Fig.

13, 14).

By considering both water content and pore water pressure the unstable condition (Fs < 1) of the
failure at 1m from the ground is fairly well estimated (Fig. 13, 14). The safety factor at a depth of

1m decreases till 1 (unstable condition) when calculated on the basis of both the field measured
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water content, by using MWC parameters, and the field measured pore water pressure, by using

either MDC or MWC parameters.
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Figure 13. Safety factor trends reconstructed using Lu and Godt's model since water content data
between 18" January and 9™ March 2014: a, b) cumulated rainfall amount of the period; c, d)
suction stress modeled using MDC or MWC properties; e, f) safety factor modeled using MDC or

MWC properties.

On the contrary, the safety factor calculated on the basis of field water content by using MDC
parameters keeps higher than 1 (stable condition) for the same depth all over the considered period
(Fig. 13e). The triggering time is identified when suction stress decreases till 0 kPa (Fig. 13, 14). In
particular, the safety factor keeps constant around 1 during the last two days of the rainfall event
which triggered the landslides (1* and 2" March), (Fig. 13, 14).
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Figure 14. Safety factor trends reconstructed using Lu and Godt's model since pore water pressure
data between 18" January and 9" March 2014: a, b) cumulated rainfall amount of the period; c, d)
suction stress modeled using MDC or MWC properties; e, f) safety factor modeled using MDC or

MWC properties.

Instead, the suction stress evaluated on the basis of the water content reached nil values also for

other depths during the analyzed time span.

At 1.2 m from ground level, in the G horizon, suction stress keeps constant at 0 kPa for both MDC
and MWC parameters due to the completely saturated condition of this horizon, and, as a
consequence, also the modeled safety factor does not change (Fig. 13). At the same depth, the

reconstructed suction stress evaluated on the basis of pore water pressure changes a little bit during
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the same period, sometimes reaching negative values (about -2 kPa). As a consequence, the safety
factor shows little variations linked to these changes as well (Fig. 14). In both cases the high soil

cohesion (29 kPa) is enough to keep the safety factor values in the stable range (Fs > 1; Fig. 13, 14).

Moreover, it can be noticed that at 0.6 m from ground level suction stress estimated on the basis of
field water content by using MWC parameters also decreases till OkPa in correspondence of
different instants further than the triggering event. In correspondence of these instants, the safety
factor values are slightly higher than the unstable condition (Fs=1) (Fig. 13d, f). By considering the
reconstructions made on the basis of pore water pressure by using both MDC and MWC
parameters, the suction stress does not decrease till 0 kPa, and thus the safety factor keeps in the
stable range with values around 2 (Fig. 14). In agreement with these reconstructions, no shallow

landslides were observed at this depth during the analyzed period.

During the triggering event, suction stress evaluated on the basis of water content data at 0.2 m also
reached 0 kPa, but the safety factor keeps slightly above 1, due to the geotechnical and mechanical

soil properties (Fig. 13c, e).
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Figure 15. Comparison between safety factor trends estimation using Lu and Godt's and SLIP

model between 18" January and 9" March 2014 at 1.0 m from ground.
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The effect of hydrological hysteresis seems to be more marked if the suction stress and the safety
factor are estimated on the basis of water content data. In fact, at the same depth, some relevant
differences between the reconstructions obtained by using either MDC or MWC parameters are
evident if water content data are used. The main differences can reach values in the order of 50 kPa
for the suction stress and values in the order of 5 for the safety factor (Fig. 13). On the other hand,
the differences given by considering or not the hysteresis in the modeling based on pore water
pressure data are very limited, and are in the order of the second decimal term for both the suction
stress and the safety factor when the suction stress is lower than 50 kPa, i.e. when the soil

approaches saturated conditions (Fig. 14).

The slope safety factors evaluated at 1.0m from ground level by using both the Lu and Godt’s
model and the SLIP model have been compared (Fig. 15). The SLIP model identifies an unstable
condition only in correspondence of the 1% March, when the safety factor abruptly decreases till 1.0
(Fig. 15). The trend of the safety factor reconstructed by the SLIP model seems less affected by the
different rainfall events than the Lu and Godt's model estimations, with the safety factor that

changes significantly only in correspondence of high rainfall amounts (Fig. 15).

4. Discussion

4.1 Shallow landslides triggering mechanism in the test-site slope

As shown in correspondence of the shallow landslide triggering event, these phenomena develop in
the test-site slope in relation with the soil hydrological conditions, which are strictly linked with

rainfall trends in time.
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From the monitoring data it is clear that in wetting and rainy periods, in particular during winter and
spring months, the studied soil profile approaches or reaches saturated conditions, with pore water
pressure higher than -10" kPa, in the most shallow soil horizons, till about 0.6 m from ground. In
the shallowest soil levels, completely saturated conditions could be reached only during the wetting
front propagation, even if, given the probable non-equlibrium conditions due to this fast infiltration,
the pore water pressure does not increase significantly, thus maintaining values between -5 and -3
kPa. Then the suction stress effects due to the pore water pressure are able to keep stable the soil at

this level, as shown by the reconstructions of the safety factor based on this parameter (Fig. 14).

In the same wetting periods, frequent rainfall events determine a progressive infiltration of the
rainwater till the deepest soil levels, leading to the formation of a perched-water table in
correspondence of the less permeable soil horizon of the profile, i.e. in the calcic G horizon. The
presence of this water table is testified by the fully saturated conditions and by the development of
near 0 kPa or positive pore water pressure monitored in correspondence of this level. Despite of the
development of positive pore water pressure and the complete reduction of suction stress effect, the
high soil effective cohesion of the G horizon (29 kPa) determines that soil failures cannot form at
this depth, as testified by the safety factor trends, which keep in the stable condition (safety factor

between 3.5 and 4.0; Fig. 13, 14).

By analyzing the monitoring time span, during the wetting periods, particularly intense rainfall
events, as those that triggered the analyzed shallow landslide, can provoke an uprising of the
perched-water table till the F horizon overlying the G one, leading to the complete saturation of the
soil levels at about 1.0 m from ground. From the monitored data, this uprising seems not frequent
and occurs only for significant cumulated rainfall amount, as testified by the values of monitored
water content at 1.0 m, which, even in wetting periods, keeps significantly lower than both the

overlying levels and the underlying G horizon. As shown in Fig. 13 and 14, the uprising and the
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consequent saturation of the soil at 1.0 m from ground level causes the complete reduction of the
suction stress effects, and thus, linked with the nil value of the soil effective cohesion, this can lead
to the development of shallow failures, represented by the safety factor values around 1.0 in Fig. 13,

14, 15.

4.2 Effects of the hydrological hysteresis on safety factor reconstruction

Modeling the safety factor through Lu and Godt's equation allows for taking into account the
hydrological hysteresis, because suction stress can be reconstructed by using alternatively MDC or

MWC fitting parameters of Van Genuchten equation.

Figures 13e, f and 14e, f show the effect of hydraulic hysteresis on the slope stability. The
differences on the modeled safety factor trends at the same depth are linked with the differences on
suction stress reconstructions, which, in their turn, are affected by SWCCs properties according to

equations4and 5 .

Generally, suction stress evaluated on the basis of drying parameters seems to model an higher
contribute to the stability than the wetting suction stress. This effect is more evident when the
suction stress, and then, the safety factor, is modeled on the basis of soil water content. As shown in
Fig. 16, for three soil levels where suction stress was modeled from both water content and pore
pressure (E, F and G horizons), at values of soil water content close to saturation, MDC
reconstructed suction stresses are at least 30 kPa higher than the corresponding wetting ones, and

this difference increases with the decrease in water content.

The same difference is evident in the safety factor trend modeled on the basis of water content data
(Fig. 16). In this case, at the same soil water content, safety factor in drying conditions is at least 3.0

times higher than that in wetting conditions. These results are consistent with what reported by
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other authors about modeling suction stress and safety factor by considering or not the hysteretic

effects (Likos et al., 2013).
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Figure 16. Suction stress and Lu and Godt's model safety factor as a function of soil water content

for different soil levels of the test-site slope.

For the analyzed soil, the safety factor as a function of soil-water content decreases towards the
minimum value much earlier when MWC parameters than MDC parameters are used, and the same
effect is visible on the corresponding suction stress values (Fig. 16). Moreover, the suction stress
and the safety factor curves do not connect at the lowest value, due to the presence of a not-closed
hysteresis, with Ogy < 0.
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Figure 17. Suction stress and Lu and Godt's model safety factor as a function of soil pore water

pressure for different soil levels of the test-site slope.

If suction stress and the corresponding safety factor are evaluated on the basis of pore water
pressure, the effects of an increase of these two parameters by taking into account the MDC
properties with respect to the MWC ones are still present, but they are less evident (Fig. 17). In fact,
by considering a pore water pressure value equal to -100 kPa, the differences are in the order of less
than 10 kPa for suction stress and less than 2.0 for the safety factor, respectively. These gaps
decrease with pore water pressure increase, till a complete convergence of the curves when pore
water pressure reaches nil and then positive values (Fig. 17). This different behaviour with respect
to modeling based on water content is linked to the different formulations of suction stress
estimation. In fact, for estimating suction stress starting from pore pressure (Eg. 5) the saturated

water content 65 is not taken into account as in the equation containing water content (Eg. 4).
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It is important noting that, while the estimated suction stress based on water content, according to
Eq. 4, can reach values till 0 kPa, suction stress based on pore water pressure can continue to
decrease in presence of positive pore water pressure (Eq. 5). For this reason, the safety factor
estimated starting from pore water pressure can continue to decrease in presence of positive
pressure (Fig. 17), while the safety factor evaluated on the basis of the water content reaches a

minimum constant value for soil water content equal to 6s.

4.3 Effects of considering water content or pore water pressure on safety factor

The three selected models (Lu and Godt based on water content, Lu and Godt based on pore water
pressure and SLIP) allowed for correctly estimating the triggering conditions of a shallow landslide
in the studied slope (Fig. 13, 14, 15). By considering Lu and Godt's model based on water content,
the correct estimation using wetting parameters, instead of the drying parameters, is consistent with
the fact that when shallow failure develops, the soil is affected by an infiltration, thus the wetting
parameters are more suitable than the drying ones. These differences are not so evident when the
safety factor is calculated through Lu and Godt's model based on pore water pressure. Instead, in
the case of a more marked hysteresis with a higher gap between MDC and MWC than the
considered soils, the distance between the two modeled safety factors could increase also when the

pore water pressure is close to 0 kPa.

When soil water content data are considered in both Lu and Godt's and SLIP models, the minimum
values of the safety factor is reached at complete saturation (6 = 6s), and then the safety factor
cannot decrease further. Modeling the safety factor on the basis of water content can make a correct
prediction of the sliding only when a shallow landslide develops in unsaturated conditions or for 6

equal to 65, SO that pore water pressure is less or equal to 0 kPa.

50



Instead, the safety factor based on pore water pressure allows for taking into account also positive
pore water pressures. When the safety factor is slightly higher than 1, 6 = 65 and pore water pressure
is equal to 0 kPa, as in the case of the E horizon (Fs=1.1), the development of positive pore water
pressures could get the slope unstable (safety factor less than 1), as shown in Fig. 17. For this
reason, a correct prediction can be made only if the safety factor is modeled considering the pore
water pressure, especially in situations in which the shallow failures develop not immediately when
the soil reaches saturation but only after the development of positive pressures (Lim et al., 1996;
Wang and Sassa, 2001; Leung and Ng, 2013). In this condition, the modeling of safety factor based
on water content can only indicate conditions which can lead to shallow landslides triggering,

without a correct prediction of the failure instant.

5. Conclusions

An analysis of water content and pore water pressure effects on modeling shallow landslides safety
factor at slope scale through different models has been performed. The test-site slope was
monitored continuously in time with a field station to investigate the soil hydrological responses in
time, by measuring soil water content and pore water pressure trends required for the safety factor

estimations.

During the monitoring phase, the studied slope experienced a shallow landslide event due to intense
rainfalls. The triggering mechanism of this phenomenon was described by analyzing the field data
collected during the event. The conditions leading to shallow failures develop in wetting periods,
especially in winter and spring, when very frequent rainfalls cause an increase in soil water content
and a corresponding decrease in pore water pressure till values close to 0 kPa in the whole soil
profile. In these periods, in correspondence of the less permeable horizon in the soil profile, a
perched water table forms and can rise up in consequence of very intense rainfalls till about 1 m

from ground. At this depth, the uprising of the water table get saturated conditions and leads to an
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increase of pore water pressure even slightly over a nil value, which, linked with the nil effective

soil cohesion, allows for the shallow landslides mechanism.

The monitored data allowed for the field reconstruction of hysteretic SWCCs and HCFs of the
monitored soils and the estimation of MDCs and MWCs parameters. These parameters have been
used to apply the Lu and Godt's model in order to investigate the effect of considering either drying

or wetting parameters on safety factor evaluation.

The safety factor trends obtained by different models correctly predicted unstable conditions (Fs <
1) in correspondence of the really occurred shallow landslide at 1 m from ground, on the basis of
both water content and pore water pressure data. In particular, a better prediction through Lu and
Godt's model gets when the safety factor, especially if based on the soil water content, is modeled
considering the hydrological hysteresis effects, which affect the studied soils during the infiltration

phase.

Modeling the safety factor on the basis of water content can make a correct prediction of the failure
only when a shallow landslide develops in unsaturated conditions or in conditions of 6 equal to 6,
so that pore water pressure is less or equal to 0 kPa. Instead, when the triggering mechanism is
linked with the development of positive pore water pressures, a correct prediction can be made only
if the safety factor is modeled considering the pore water pressure. In this condition, the modeling
of safety factor based on water content can only indicate conditions which can lead to shallow

landslides triggering, without a correct prediction of the instant of failure mechanism.

Further developments will be linked to the application of the considered models (Lu and Godt's and
SLIP models) at both local and regional scale, also to better understand the difference on shallow

landslides triggering prediction considering water content or pore water pressure data.
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Highlights

Shallow landslides triggering mechanism was identified through field monitoring.

Test-site slope safety factor was modelled since monitored data.

Triggering moment was predicted since soil water content or pore water pressure.

Soil water content safety factor gets better considering the hydrological hysteresis.
Triggering conditions linked to positive pore water pressure cannot be identified since only

soil water content.
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