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Abstract

SLIP (Shallow Landslides Instability Prediction) is a mathematical model developed to foresee the triggering of rainfall-induced
shallow landslides (soil slips) and the unstable condition of slopes affected by these phenomena. This physically-based model
gives the factor of safety in function of the principal variables influencing the trigger of soil slips: rainfall, geometry, soil state,
mechanical and hydraulic characteristics of soil. The specific characteristics of SLIP allowed to use the same means to model the
phenomenon from the scale of the representative elementary volume (i.e. flume laboratory tests) to the medium and large scale
(regional and national level). This paper (Part 1), that is companion of another one published in this Conference (Part 1), contains
a brief description of the model and focuses on the approach followed in the application of the SLIP model at laboratory scale.
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1. Introduction

The high destructive power and spatio-temporal unpredictability make rainfall-induced shallow landslides
particularly dangerous, especially in urban areas, where they often cause significant economic damages [1,2,3,4,5].
Given their main characteristics, such as the widespread localization in consequence of an extensive rainfall event,
these phenomena are analysed at medium or large scale. In fact, the type of the adopted method depends on the
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objective of the analysis. If the aim is a convenient management of emergency plans and a correct planning of
mitigation measures against shallow landslides at large scale, different approaches reported in the literature are
available at the moment. As an example, for the production of susceptibility maps, statistical methods, such as
logistic regression models and artificial neural network, can be used [6,7,8,9]. Since the triggering mechanism of
these landslides mainly depends on rainfalls, some of the early-warning systems are based on statistical rainfall-
triggering thresholds and take into account both observed and forecasted rainfall data [10,11,12]. These methods
allow to get a quick response in a short time, but are extremely simplified and do not consider geological,
geotechnical and geomorphological characteristics of the affected area. In order to set up early-warning systems,
some authors have applied physically-based slope stability models (SHALSTAB [13], SINMAP [14], TRIGRS [15],
GEOtop-FS [16]). These models, together with the wide availability of Geographic Information Systems (GIS),
appear suitable to determine both the timing and the localization of landslides, in response to rainfall, on a regional
scale. However, as of now, these methods are used to analyse the time-varying landslides susceptibility, but only on
small areas and for a short period, due to the great computational effort.

The simplified model named SLIP (Shallow Landslides Instability Prediction) [17,18] falls in the category of the
physically-based models. This model allows to take into account, in time, the connection between the stability
condition of a slope, the characteristics of the soil, and rainfall amounts, including also previous rainfalls. The SLIP
model has been tested through a series of back analyses on a laboratory reduced-scale physical model [19,20].
Moreover, as it will be explained in the companion paper (Part 11), SLIP has been applied on single slope scale and
on regional scale, i.e. on areas of the order of hundreds square kilometers wide. In the latter case, the accuracy of the
model has been evaluated in terms of both space and time, obtaining promising results. The application of the SLIP
model to reproduce the phenomenon at different scales will be presented in the following sections and in the
companion paper (Part Il). The presented methodology allowed from the one hand to strengthen the model
assumptions and on the other hand to develop a very “flexible” tool, easily to be used for early-warning purposes.

2. The genesis of the SLIP model

The SLIP model was developed for the first time after the Piedmont flood that caused hundreds of victims and
considerable damages in the northern Italian Apennine (Langhe) in November 1994. The model has been then
improved several times based on hundreds of field observations. Before describing the main hypotheses of the SLIP
model, it is worth defining the soil conditions and processes that cause slope failure during a rainy event, as follows:

1. Soil slip occurs in thin superficial cover (maximum thickness of 1-1.5 m) that is different from soil as
commonly intended in geotechnical engineering in many respects, especially its hydraulic characteristics. This type
of soil, which is commonly removed during the construction of buildings, contains numerous pores, channels and
fissures that are created by several processes, including small animals and shrinkage-drying cycles. These structures
form two preferential pathways for the infiltration of rain into the soil: through the pores in the soil matrix and
through the macro-porosity. The latter is considered to be prevalent in the SLIP model, while the former is
neglected. These infiltration characteristics are considered to be similar for all kinds of soils.

2. The slope is initially stable due, in part, to the contribution of the partial saturation of the soil to its shear
strength. The rain infiltrates through the macro-pores much more quickly than through the micro-pores, thus
creating saturated, chaotically distributed volumes (saturated zones). The dimensions of these volumes increase due
to rain infiltration. This results in a loss of shear strength of the partially saturated soil due to the presence of the
saturated zones and a decrease of the stability of the slope. The expansion of the saturated zones continues until their
number, distribution and dimensions make the slope unstable.

3. The geometric characteristics of hundreds of unstable slopes observed in the field in recent years indicate that
slopes can be considered to be infinite for the purposes of stability analyses.

3. The SLIP model
SLIP was developed to predict the triggering of instability by modelling the principle and most important

characteristics of the failure process without including too many elements of the complex mechanism. The use of
too many parameters could limit the application of the model at the large scale.
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The model defines the safety factor Fsby 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.
Homogenisation 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). This sub-layer (mH) should be put in an unknown position inside the potentially unstable layer (H) but is
located at the base of the layer because this choice does not change the consistency of the approach and avoids
adding an insignificant parameter, i.e., the location of the saturated sub-layer. This assumption does not affect the
rigor of the approach and the saturated sub-layer mH co-exists with an unsaturated sub-layer of thickness H(1-m)
(Fig. 1a). The parameter mH is related to the total amount of rainwater, h, as follows:

__bBh o
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where h is the rainfall depth given by pluviometric diagrams as a function of time, H is the thickness of the
superficial soil that is potentially involved in soil slip, B* is the percentage of rain that infiltrates into the soil, n is
the porosity, and S, is the degree of saturation.
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Fig. 1. (a) Slice sketch of the infinite slope; (b) Shear strength versus degree of saturation for two soil samples [18].

¢~ [kPa]

a)

The shear strength of the saturated layer is described by the Mohr-Coulomb criterion: t = ¢’ tan¢” + ¢’.
The shear strength of the unsaturated soil is described by the simplified extended Mohr-Coulomb criterion for
unsaturated soils:

i = ¢’+(ot —U); tang’ + (U, — Uy) tang’ 2)
where o’=(o5— U)¢ is the normal effective stress on the failure plane at failure, (u,— u,) is the matric suction, ¢’ is
the effective cohesion, ¢’ the shear strength angle, and ¢" is the friction angle associated with the matric suction
stress state variable. The quantity (u,-uy)-tang" is independent with respect to ¢, and in Equation (2) it assumes the
meaning of an “apparent cohesion” [21], which is named c,,. So the final shear strength criterion can be expressed in
a simplified way as follows:
T=C+ 0o tang’ +c, ?3)

In Equation (3), c, is expressed in terms of matric suction, but in the model SLIP it was preferred to put in
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relation c,, with the degree of saturation S, instead of matric suction. This choice allows to a better control of the
uncertainties on the evaluation of the soil state parameters, due to their range of variation that is much smaller for S;
than for the matric suction. The link between c, and the degree of saturation S, is obtained by elaborating the
experimental results of tests on different kinds of soils [22], such as medium- and fine-grained sands (Fig. 1b). By
neglecting the dependence of the relationship between matric suction and volumetric water content on the type of
cycle (wetting/drying), the expression of ¢,, in function of S; can be written as follows:

c,=AS (1-S) (4

where A is a model parameter, that depends on the type of soil, while A can be considered constant for a wide range
of soils. Finally, focusing on the apparent cohesion of the homogenized equivalent slope, c,, it depends on both ¢,
and the thickness mH of the saturated layer. Its expression was obtained by carrying out a series of experimental
tests on stratified soil in a flume [19,20] and is given by:

¢, =¢, (1-m)“ ®)

The safety factor is dependent on time because of the decrease of Srdue to the decrease in the number and
dimensions of the saturated zones, as well the change in their distribution, caused by evapo-transpiration, downflow
and percolation. This is simplified and represented in the model by the decrease of m with time, which is obtained
using a simple negative exponential function of time:

m(t) = mg -exp(—k -t) (6)

where k; represents the global drainage capability of the slope that takes into account all the factors mentioned
above: evapo-transpiration, downflow and percolation. Its value was derived from back-analysis of a great number
of soil slips occurred on different kind of soils.

Finally, the use of the limit equilibrium method leads to obtain the safety factor Fs as follows:

. :cotﬂ.tan¢'.[r+m(nw—1)]+C‘~Q r=Gs-(L-n)+n-S, C'=(c'+c, )L )
s I'+m-n,,
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The slope instability occurs when Fs reaches a value equal to 1. Fg is function of: the geometrical factors (B, H),
the state of the soil (Gs, n, S;), the soil shear strength parameters in saturated conditions (¢’, ¢’), the shear strength in
unsaturated conditions (A, 1), a model parameter linked to the simplified modelling (o), the drainage capability of
the slope (k;), the water unit weight (y,,) and the rainfall depth (h).

4. Application of the SLIP model at different scales

In order to evaluate the effectiveness and reliability of the SLIP model, it has been applied at different scales: at
laboratory scale, by considering a representative elementary volume of soil in flume tests, at field scale, by
considering the stability of a single slope, and at medium-large scale (regional and national scale). As it will be
explained in the following, the lab scale was particularly useful to calibrate the model and to determine the value of
some model parameters. Field and medium-large scale applications regarded the comparison between the model
outputs and really occurred events. Before describing these applications, only few remarks are needed to understand
the adopted approach.
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At field scale the approach to evaluate the model parameters and to derive Fs is different depending on the size of
the studied area. At the single slope scale the model parameters are obtained by the geotechnical characterization of
the soil (lab and in situ tests) and Fs is a deterministic value that unequivocally defines the instant of collapse when
Fs=1. Instead, at medium-large scale the parameters need to be linked to the geological, lithological and slope
information and Fs is defined in reference areas of fixed dimensions (the same of the Digital Elevation Model -
DEM). The meaning of collapse is linked to the “probability” that the phenomena can occur. The complete
foreseeing needs further methods for the aggregation. In this case, the output of the model can be represented either
as Fs maps, which give the value of Fs for each elementary cell with the same DEM resolution (non-aggregated
results), or instability index maps (aggregated results), considering larger reference areas. As will be explained in
the companion paper (Part 1), the instability index is defined as the ratio between the number of elementary cells
where Fs<1 (instability condition) and the total number of cells in each reference area.

4.1. Flume tests

Physical modelling is an extremely useful tool for the study of the triggering process of shallow landslides. For
this reason, numerous laboratory tests have been performed using a flume test apparatus, with a volume of soil of
0.5x0.75x0.12m subjected to an artificial rainfall. A wide range of initial soil conditions (i.e. porosity and water
content) has been investigated to analyse the induced effect on failure time and mode. Two main series of flume
tests have been carried out. In the first series, no. 18 flume tests were performed on a pyroclastic sand coming from
Cervinara (Southern Italy) in order to reproduce the landslide event occurred in that site on December 15, 1999 [19].
During these tests, matric suction and pore pressure were measured in different points of the soil specimen and
specific triggering conditions were identified. In the second series, no. 29 tests have been carried out, even
simulating the presence of preferential flow directions within the soil [20]. These tests aimed also at reproducing, on
a laboratory scale, the landslide event occurred on October 1, 2009, at Giampilieri (north-eastern Sicily) where the

testing material had been sampled.
0.1
20 ‘—j l

T Tt

Suction [kPa)
&

i [emdmin]

) 0 50 100 150 200 250 300 350 400
()

Time [min]

0 50 100 150 200 250 300 350 400

Time [min]

i

0 50 100 150 200 250 300 350 400

Fig. 2. Flume tests: (a) Laboratory apparatus [19,20]; (b) Soil sample representing the reduced-scale physical model [19,20]; (c) and (d) Different
kinds of soil failure after the artificial rainfall [20]; (e) Rainfall depth and suction measurements [19]: tensioneters T4A and T4P where positioned
at a depth of 4cm from the soil surface, on the front (A) and on the rear (P) of the soil sample, respectively; tensioneters T12A and T12P where
positioned at a depth of 12cm from the soil surface, near the flume bed, on the front (A) and on the rear (P) of the soil sample, respectively; (f)
pore pressure measured at the base of the soil sample, near the flume bed [19]; (g) calculated safety factor vs time and parametric analysis [19].
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The experimental results obtained from both series of flume tests have been employed to verify the capability of
the SLIP model to predict the failure occurrence and to reproduce the triggering process. The main benchmark
parameter was the time of failure. To this purpose, all the input parameters had been selected on the basis of
preliminary laboratory tests. After the calibration process, the selected input parameters had been maintained
constant to simulate the further blind tests. The results obtained from the application of the SLIP model showed that
it is able to predict with a good approximation the triggering time of all the performed tests.

Conclusions
The most interesting aspects of the adopted methodology at laboratory scale are:

1. The definition of a physically-based time-varying safety factor based on the comparison between laboratory
measurements and results of the SLIP model;

2. The possibility of detect the physical conditions leading to the triggering mechanism;

3. The possibility of modifying, validating and strengthening the hypotheses at the base of the SLIP model.
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