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Abstract. On the days 20-21 November 2000, a storm oftors such as lithology, morphology and land cover, influence
exceptional intensity triggered over 50 landslides within thethe type of landslide. Deep-seated landslides are often trig-
province of Pistoia in Tuscany (Italy). These failures are gered by moderate intensity rainfall distributed over long pe-
mostly of complex type, originating as rotational or transla- riods (Corominas, 2001) whereas superficial landslides such
tional landslides, and transforming into flows. Two of these as soil slips and debris flows are triggered by short duration,
landslides were investigated in this paper by modelling theintense precipitation. The response of the material involved
ground water infiltration process, the pore water pressures largely dependent on its permeability. Clayey materials,
variations, both positive and negative, and the effects of theséor example, are more sensitive to long, moderate intensity
variations on slope stability during the rainfall event. Mor- rainfall, as opposed to sandy soils, that tend to respond to
phometric and geotechnical analyses were carried out fontense short duration precipitation.
both sites through a series of in-situ and laboratory tests, the The critical quantity of precipitation defined as “the
results of which were used as input for the modelling processamount of rainfall from the time (“zero point”) in which a
In a first step the surface infiltration rate was simulated us-sharp increase in rainfall intensity is observed and the trigger-
ing a modified Chu (1978) approach for the Green and Ampting of the (first) landslide” (Aleotti, 2004) is related to slope
(1911) equations in case of unsteady rainfall together with anorphology, to the mechanical and hydrological properties
surficial water balance. A finite element seepage analysis fobf the soil and to the vegetation cover. Statistical analyses of
transient conditions was then employed to model the changelandslide characteristics and of the corresponding triggering
in pore water pressure during the event, using the computegainfall characteristics have led to the formulation of various
infiltration rate as the ground surface boundary condition. Fi-methods for assessing landslide-triggering rainfall thresholds
nally, once again using the data from the previous step age.g. Govi and Sorzana, 1980; Crozier, 1986; Kim et al.,
input, the limit equilibrium Morgenstern-Price (1965) slope 1991; Glade et al., 2000:; Sidle and Dhakal, 2002; Ko Ko
stability method was applied to calculate the variations in theet al., 2004).
factor of safety during the event and thereby determine the |n this work the mechanism behind rainfall-triggered land-
most critical time of instability. In both sites this method gjides is modelled by using combined hydrological and sta-
produced a curve for the factor of safety that indicated thatjlity analyses. This method is based on the different terrain
the most Cl’itical t|me fOI’ failure OCCUI’I’ed a feW hOUI’S aftel’ response according to |ts geo|ogica|, physicaL hydrogeo'ogi_
the peak of rainfall. cal and mechanical characteristics. In addition, in sites where
morphological and anthropogenic factors influence the su-
perficial and subsurface fluctuations of the water flow, and
1 Introduction hence the s_tz_;tbility of th_e slope (Terlien, 1998), the methoq
can be modified to take into account these factors. The main

Rainfall is considered to be the most important factor in trig- OPiective is to investigate the instability mechanisms behind
gering slope failure. During rainfall, water infiltrates into rainfall-triggered landslide events, based on detailed mod-
the ground and increases the pore water pressure, weak!ling of infiltration and seepage processes during the storm
ening the soil and facilitating landsliding. The frequency ©f 20—21 November 2000. More specifically, the work has

and magnitude of rainfall events, together with other fac- been conducted with the aim of increasing the understanding
between the variations in positive and negative pore water

Correspondence tov. Tofani pressure during the rainfall event and their effect on slope
(veronica.tofani@geo.unifi.it) stability (Dapporto et al., 2002).
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Fig. 1. Map of the study area with locations of landslides (1), nearby towns (2) and raingauge stations (3).

Gumbel distribution method to the available last 30 years
rainfall record. The storm triggered over 50 landslides, in-
volving an area of approximately 50 Km

Table 1. Results of in-situ tests for both landslide sites.

Site ¢ c ¢ uguw ks ) ) o
o kPa °© kPa m/s The two Iandslldes selected for |nve§t|gat_|on ocgurred
near Uzzano (site 1) and Massa e Cozzile (site 2) (Fig. 1).
1.Uzzano 318 57 318 84 11E6 Both landslides are classified as complex slope movements

2.Cozzile 357 47 317 76 1.3E6 (Hutchinson, 1988), composed of a rotational-translational

failure that evolves into a flow (Fig. 2).

2 Study area and rainfall event 3 Morphometry and characterisation of soil properties

The predominant rock type in the study area is a flysch for-The topography_of the_two landslide sites was determined
mation (Macigno), composed of quartz and feldspar sandPy means of a differential GPS survey of the pre- and post-
stone alternated with layers of siltstone. In the mid and up-failure slope profiles. The pre-failure profile was obtained by

per sections of the valley, where most landslides occurred@veraging the undisturbed profiles surveyed on both sides of

the stratigraphy consists of a 1.5 to 2 m thick layer of collu- the landslide body following the rainfall event.
vial soil overlying the bedrock. Soil geotechnical parameters were determined from a se-

The local topography is characterised by hills with mod- ries of in-situ and laboratory tests. The in-situ tests included
erate to high slope gradients and elevations ranging fronfne Borehole Shear Test (Lutenegger and Halberg, 1981;
20ma.s.l. to about 900 ma.s.l. Dapporto et al., 2000), matric suction measurements with

Annual rainfall in this area is characterised by two peaks,a tensmmeter, and a constant head permeameter test per-
one in November and another in March, with a dry summerformed with an Amoozemeter (Amoozegar, 1989) (Table 1).

during which the mean temperature is ovef@2Mean an- Grain size distribution, Atterberg limits, the phase relation-
nual rainfall increases with relief, ranging from 1100 mm in ship analysis and direct shear tests were conducted in the lab-

the valley bottom to about 1800 mm at the higher elevations °"at"Y (Table 2).

On 20-21 November 2000, a cyclonic storm precipitated
about 200 to 220 mm of rainfall over a period of 38-40h 4 |nfiltration analysis
in the Montecatini Terme area (Province of Pistoia), with a
maximum intensity of 17 mm/h. The event has an estimatedThe infiltration rate at the surface during the rainstorm was
return period of over 100 years, determined by applying thepredicted by using a modified Chu (1978) approach for the
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Table 2. Results of laboratory tests for both landslide sites.

Site GF SF MF CF LL PL yu Yd G n ¢, ¢
% % % % % % kN/m KkN/m® - % ° kPa
1.Uzzano 12 43 35 10 26 16 197 158 268 40 32 - 05
2.Cozzile 1 8 13 1 29 - 189 147 267 44 35 18 O

Green and Ampt (1911) equations in case of unsteady rainfall
combined with a water balance at the surface. ’

The rainfall recorded at each of the rainfall gauges nearest {.
the sites was discretised into a series of one-hour time steps#
with constant rainfall rates (Fig. 1). The infiltration rate and
the start and end times of ponding conditions were computed [§
at the end of each time step.

The data required for the infiltration analysis includes:
the saturated permeabilityk,(); the volumetric water con-
tent before and after wetting4{=90s—06i) and the matric suc-
tion at the wetting-front (S). The matric suction measured in
the field in post-landslide conditions (8.4 kPa at site 1 andFig. 2. Study sites. A: Site 1, Uzzano landslide, B: Site 2, Massa
7.6 kPa at site 2) was modified to replicate the presumed ini&nd Cozzile landslide.
tial pore water pressure in pre-landslide conditions, in which
heavy antecedent rainfalls were recorded during the 20 days . )
prior to the storm. For this reason a matric suction value® Stability analysis
of 5kPa was used. The volumetric water content functions, - ) N )
before and after wetting, were obtained from the literature The stability analysis used the positive and negative pore wa-
for soils with a similar grain size distribution while the sat- € pressure distributions obtained from the seepage analysis
urated water content) was derived from the porosity (n) &S inputateachtime step. SLOPE/W v.4 (Geo-Slope Interna-
measured in the laboratory. In both sites, at the beginning ofional Ltd.), a software that applies limit equilibrium meth-
the storm the modelled infiltration rate is equal to the rain-©dS, was used to model slope stability. The Morgenstern-
fall rate. Subsequently, following the onset of ponding con- Price (1965) method was selected to compute the factor of
ditions, the infiltration rate becomes equal to the maximumS&fety of the soil cover for each of the time steps used in the

infiltration rate for those soil conditions or, in other words, to finite element seepage analysis. The failure surface was de-
the infiltration capacity. The infiltration rate asymptotically términed from the GPS measurements and was maintained
constant during the entire event.

tends to the value of the saturated permeabilkfy)(

5 Seepage analysis 7 Results

Unsaturated and saturated flow within the slopes was modThe results of the combined infiltration-seepage-stability
elled with a finite element seepage analysis using SEEP/WAnalysis indicate a similar behaviour of the Uzzano and
v.4 (Geo-Slope International Ltd.) software. The slope sec-Massa e Cozzile landslides. In both sites the factor of safety
tions were divided into a mesh of quadrilateral elements,starts to decrease after the start of the rainfall (Figs. 3 and 4).
1152 for Uzzano and 456 for Massa e Cozzile. The resultsThis is due to the reduction of matric suction produced by the
from the infiltration analysis were used as input data for thewater that infiltrates into the soil. As the event progresses,
seepage analysis by assigning the computed infiltration ratéhe wet front descends through the soil until it reaches the
versus time function to the ground surface nodes. Zero fluimpermeable bedrock, at which point a saturated layer be-
conditions were assigned to the left, right and lower bound-gins to build up. During this phase in both sites the factor
aries. An initial matric suction value of 5 kPa was used. Theof safety decreases rapidly. In site 1 the factor of safety falls
hydraulic properties of the materials (characteristic and k-below 1 at step 19 (Fig. 3) while in site 2 this occurs at step
curves) were estimated from the grain-size distribution of13 (Fig. 4), respectively 32 and 24 h after the start of the rain-
the matrix. Finally, the simulation was performed dividing fall. The factor of safety then slowly begins to increase again
the rainfall event into variable length time steps in order toas the pore water pressure diminishes following the end of
replicate as closely as possible the complexity of the rainfallrainfall, and stability conditions are reached four and three
event. days after the beginning of the event, respectively.
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Fig. 4. Site 2. Massa e Cozzile. Trend of the computed safety factorH
and rainfall data during the 20-21 November 2000 event (1- factor
of safety, 2- rainfall).

8 Conclusions

The results indicate that the simulation of satu-
rated/unsaturated flow within the soil with a finite element
seepage analysis, coupled with an infiltration model to
determine the actual infiltration rate at the surface, can
provide useful insight for the reconstruction of pore water
pressure variations, total head and volumetric water conten
in response to variable intensity rainfall. The assessment o
pore pressure changes at all nodes along the potential failure
surface also allows an accurate slope stability analysis to b'ﬁ/l
performed. The trend of the factor of safety indicates that
slope failure is likely to occur a few hours after the peak of
the rainfall, and that in both sites slope instability conditions
persist for the following 4 days.
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