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In the alpine environment, rainfall-induced shallow landslides can involve thin covers of colluvial soil (50-300
cm) on terraced belts that were formed as a result of fill-and-cut sedimentary processes that followed the
deglaciation of the alpine valleys. Notably, research on shallow slope failures involving alpine terraces consisting
of a near-flat upper ground surface (“tread”) and a moderately steep scarp (“riser”) is lacking in the literature.
This paper describes the engineering geological characteristics and failure mechanisms of a large number of
shallow landslides (soil slips or slide-debris flows) that were activated on alpine stratified colluvial terraces due
to a rainstorm that hit the mountain area of the Friuli Venezia Giulia Region (NE Italy) on 21-22 June 1996. The
paper reports data on the geomorphological and engineering geological characteristics of the soil slips acquired
through extensive fieldwork and shows the outcomes of some two-dimensional seepage and slope stability an-
alyses that were carried out in order to investigate the critical hydrological conditions and mechanisms that were
responsible for the soil slip activation during and after rainfall. The soil slip activation can occur at two different
stages during the infiltration process, based on the interacting water flows through the terrace tread and riser.
The first critical stability condition is reached during the phases of greater precipitation intensity or at the end of
the rainstorm because of the saturation of the top soil layer on the terrace riser and the subsequent formation of
an ephemeral water table accompanied by a seepage sub-parallel to the slope face. The second critical condition
is achieved some hours after the end of rainfall as a result of a tread-to-riser water outflow that is supplied by the
water amount stored within the near-flat terrace tread during the peak rainfall stages (reservoir-like effect). This
study also shows that a critical value of rainfall intensity of about 40-45 mm/h can cause the activation of soil
slips in mountain basins characterised by a humid continental climate and by the occurrence of colluvial deposits
with a high content of fine fraction. This critical value of rainfall intensity should be considered as a rainfall
threshold for a basin-scale under geomorphological and geological conditions similar to those investigated in this

paper.

1. Introduction

Shallow slope failures involving thin covers of colluvial soil (typi-
cally, thicknesses of 50-300 cm) are common hydrogeological insta-
bility processes in mountain areas that are hit by rainstorms. Although
these shallow landslides are characterised by lower magnitude or vol-
umes compared with rockslides, rockfalls and large earth mass move-
ments, they can pose a severe threat to human settlements, in particular
due to their multiple occurrences in relatively small areas during critical
hydrological events (Stark and Hovius, 2001; Hungr et al., 2008; Froude
and Petley, 2018; Bellugi et al., 2021). Rainfall-induced slope failures
often evolve into debris flows (flow slides), causing damage to
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infrastructures and edifices and even casualties. In the last few decades,
as a result of climate variations that are characterised by a general
intensification of extreme meteorological events, these rainfall-induced
landslides have occurred more and more frequently in various parts of
the world, including the Italian Alpine territory (Gariano and Guzzetti,
2016; Haque et al., 2019).

In the literature, rainfall-induced shallow landslides were initially
defined as “soil slips” with reference to numerous surficial slope failures
that were identified in California (Kesseli, 1943; Rice et al., 1969;
Campbell, 1974, 1975; Ellen and Fleming, 1987) and in some sectors of
the Austrian Alps (Moser and Hohensinn, 1983) and the Italian Alps
(Cancelli and Nova, 1985; Crosta, 1990, 1994; Montrasio, 2000). The
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term “disintegrating soil slips” was also used to highlight the peculiar
evolution of these instability phenomena, which can be characterised by
a fluidisation of the failed material, ultimately evolving as a downslope
debris flow (Kesseli, 1943). More recently, the term “soil slip” has been
used by various authors to describe rainfall-induced shallow slope fail-
ures that were recognised in other areas of California (Pike and
Sobieszczyk, 2008), in Japan (Wakatsuki and Matsukura, 2008) and in
the Italian Alps and Apennines (Crosta and Frattini, 2003; Guzzetti et al.,
2004; D’Amato Avanzi et al., 2009; Montrasio et al., 2011; Gatto and
Montrasio, 2023).

When considering the unified international classification system of
landslide types that was first proposed by Varnes (1978) and subse-
quently modified by Cruden and Varnes (1996) and Hungr et al. (2014),
a slope instability process characterised by an initial sliding of a soil
mass (slump) and a subsequent fluidisation of the failed material can be
classified as a complex landslide of the type slide-debris flow or slide-
earth flow, depending on the specific grain size and plasticity of the
involved materials. As a result, slide-debris (earth) flows were reported
in studies that analysed shallow slope failures caused by rainstorms (Dai
et al., 1999; Di Crescenzo and Santo, 2005; Wen and Aydin, 2005; Okada
et al., 2007; Zhang et al., 2011).

The activation of a soil slip is driven by the rainfall infiltration pro-
cess through the unsaturated-saturated colluvial cover, which first re-
sults in a decrease in the soil suction and then can determine an increase
in pore-water pressure, nonetheless causing a reduction in the effective
stress in the slope and, thus, a decrease in the shear strength along the
potential failure surface (Johnson and Sitar, 1990; Ng and Shi, 1998;
Gasmo et al., 2000; Godt et al., 2009; Rahardjo et al., 2010; Li et al.,
2013; Kluger et al., 2020). A widely recognised failure mechanism of
colluvial slopes is associated with the formation of a temporary sub-
surface water table (Dapporto et al., 2005; Shakoor and Smithmyer,
2005; Sun et al., 2021). The possible occurrence of a sub-surface water
table mainly depends on the permeability of the colluvial materials and
the evolution of rainfall over time, in terms of both duration (D) and
hourly intensity (I) (Segoni et al., 2018). However, the occurrence of
shallow landslides was found to be strictly dependent on the regional
characteristics related to both rainfall patterns and geological conditions
of the soil slopes (D’Amato Avanzi et al., 2004; Giannecchini, 2006;
Guzzetti et al., 2007, 2008; Cho, 2017; Salciarini et al., 2017). There-
fore, proper analysis of the rainfall infiltration process must consider
local situations to predict the stability condition of unsaturated soil
slopes during and after the rainfall event.

Most reported cases of rainfall-induced landslides are related to
shallow slope debris covers overlying a bedrock at constant depth, even
assuming a stratified deposit made up of two, three or more soil layers
with different hydrological properties (Crosta and Dal Negro, 2003;
Dapporto et al., 2005; Cho, 2009; Ray et al., 2010; Jeong et al., 2017; Li
et al., 2021). In several cases, the thickness of the soil cover is small
compared with the total length of the slope and the failure surface is
typically assumed as being parallel to the slope surface. Under these
assumptions, the effect of rainfall infiltration on the pore pressure dis-
tribution is commonly investigated assuming a one-dimensional infil-
tration model and the related stability condition of the slope is analysed
according to the simple infinite slope approach (Dapporto et al., 2005;
Shakoor and Smithmyer, 2005; Baum et al., 2010; Ray et al., 2010; Li
et al., 2013; Cho, 2017; Damiano et al., 2017; Balzano et al., 2019).

Some studies have reported slope instability processes caused by
rainstorms on man-made terraced slopes that were designed for agri-
cultural purposes in cultivated mountainous areas of the Mediterranean
region (Crosta et al., 2003; Camera et al., 2014; Cevasco et al., 2014;
Schiliro et al., 2018). However, this artificial terraced landform is made
up of a dry-stone retaining wall and a near-horizontal surface on a back-
filled material. A number of studies have also focused on irrigation-
induced landslides affecting very thick terraced deposits of loess, clays
and gravels on the high plateaus of China and Peru (Hou et al., 2018;
Peng et al., 2018; Graber et al., 2021).
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In the alpine environment, thin deposits of colluvial soils also occur
along terraced belts that were formed as a result of fill-and-cut sedi-
mentary processes that followed the deglaciation of the alpine valleys.
These colluvial deposits can be involved in slope instability processes
when subject to rainstorms. Differently from the cases previously dis-
cussed, alpine terraces consist of a flat or gently dipping upper ground
surface (the “tread”) and a moderately steep scarp (the “riser”). This
terraced geometry, caused by geological processes that occurred in the
last 20,000 years, does not allow for an analysis approach that assumes
the simple infinite slope scheme. In fact, the rainfall infiltration process
and the related slope stability of the terrace depend on the mutual
interaction between the tread and the riser. Remarkably, research on
rainfall-induced shallow landslides involving natural alpine terraces is
lacking in the literature. As a result, this paper represents the first
attempt to investigate the rainfall infiltration process and the slope
stability of alpine colluvial terraces subject to intense precipitation.

This work describes the engineering geological characteristics and
failure mechanisms of multiple shallow landslides caused by a rainstorm
that hit the mountain area of the Friuli Venezia Giulia (FVG) Region (NE
Italy) on 21-22 June 1996 (Fig. 1). In particular, the paper illustrates the
geomorphological and geotechnical characteristics of a large number of
soil slips (slide-debris flows) that were activated on the alpine colluvial
terraces of the Chiarso valley, in the surroundings of the village of
Paularo (Fig. 2). The extensive fieldwork was accompanied by some
two-dimensional seepage and slope stability analyses that were carried
out in order to investigate the critical hydrological conditions and
mechanisms that were responsible for the soil slip activation during and
after rainfall.

2. Case study: The rainstorm on 21-22 June 1996 in the Chiarso
valley

2.1. Rainfall data

The northern mountain area of FVG (Carnic Alps) is characterised by
a humid continental climate (Dfb of the Koppen-Geiger climate classi-
fication; Beck et al., 2018), with average monthly temperatures between
4.4 °C and 14.8 °C. Due to the proximity of the northern Adriatic Sea
(Fig. 1), FVG is typically subject to the direct influx of sirocco winds
blowing from the sea that are rich in humidity. The humid air masses
reach the first reliefs after having crossed the plain and, as they rise and
cool down, they condense giving rise to intense rainfall. In the Carnic
Alps area, the dominant winds are frequently channelled into the val-
leys, modifying the air circulation and resulting in possible situations of
stagnation, which are often associated with very strong storms. The
average yearly rainfall (AYR) for the study area, calculated in the period
1923-2017 (gauge station of Paularo), is equal to 1719 mm, with a
seasonal distribution that shows two peaks of average monthly precip-
itation: a first peak in November (197.7 mm) and a second one in June
(177.1 mm).

Previous studies on heavy rainfall that affected mountain basins of
the Carnic Alps demonstrated that the critical hydrological conditions
were reached for threshold values associated with a cumulative rainfall
height of 150 mm in 24 h (Paronuzzi and Vanon, 1995; Paronuzzi et al.,
1998). In several cases within the study area, 24-h rainfall height peaks
exceeded both the mean value of 123 mm of the maximum yearly value
(MYV) for a 24-h rain duration and the 10% of AYR (172 mm) (Fig. 3a).
The 24-h rainfall on 22 June 1996 (295.8 mm) is the second highest peak
ever recorded in the study area, which is very close to the maximum
value of 24-h rainfall registered at Paularo on 11 September 1983 (300
mm) (Fig. 3a).

When considering the main critical hydrologic events that have
occurred in the Alpine area of FVG in the last 35 years, the most sig-
nificant slope instability events occurred in concomitance with rainfall
of high intensity (40 mm/h <1 <100 mm/h) and low duration (D = 1-6
h) (Fig. 3b). These situations correspond to hydrologic events that, in the
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Fig. 1. The mountain area of the Friuli Venezia Giulia Region (NE Italy) that was hit by the rainstorm on 21-22 June 1996. Coordinates are in the local RDN2008/

TM33NE system.

FVG area, have a return period (Tr) variable from 5 to 10 years (40-45
mm/h, over a 1 h rainfall) to 50-200 years for the most severe cir-
cumstances (90 mm/h for 1 h, and 50 mm/h for 3 h) (Fig. 3b). The re-
turn period, estimated through various Gumbel methods, actually varies
according to the specific Alpine sector considered. However, the values
of Tr reported here are only indicative to highlight the remarkable
recurrence of intense precipitation events.

During critical hydrologic events occurring in the Carnic Alps,
rainfall is commonly characterised by a considerable hourly intensity,
with maximum values that often exceed 40 mm/h and can even reach
values of 90-100 mm/h. In these circumstances, many surficial slope
failures can occur, which tend to be concentrated in rather small areas
characterised by the maximum values of rainfall intensity. In this regard,
the rainstorm that hit the mountain area of Carnia in FVG on 11
September 1983 was emblematic, causing about 400 shallow landslides
in a restricted area between the villages of Paularo (Chiarso valley) and
Paluzza (Biit valley). This extreme meteorological event occurred in a
very short period, between 00:00 A.M. and 06:00 A.M. (GMT + 1) on 11
September 1983, and was characterised by a cumulated rainfall height
of 270 mm, with a maximum hourly intensity estimated at 60 mm/h
(Querini, 1984).

Analogously, the rainstorm that hit a large mountain area of FVG on
21 and 22 June 1996 caused dozens of soil slips, most of which were
activated on the alpine terraces and colluvial slopes along the Chiarso
valley in the nearby of Paularo, including the hamlets of Dierico, Dioor
and Salino (Fig. 2). From a meteorological point of view, this extreme
meteorological event was the tail of a larger Atlantic perturbation
coming from the west, which had already hit northern Italy with
disastrous consequences. The precipitation pattern has been

reconstructed according to the rainfall data registered by a number of
gauge stations that were located in the area affected by the storm event
(Paronuzzi et al., 1998). The following highest values of cumulated
rainfall were measured on 21-22 June 1996 (Fig. 4a): 504.8 mm at
Pontebba, 485.4 mm at Moggio, 316.8 mm at Paularo, and 290.0 mm at
Resia. At the same gauge stations, very high hourly intensity peaks were
recorded, ranging from 74 mm/h at Pontebba to 90 mm/h at Paularo
(Fig. 4b) and 100 mm/h at Moggio, which is the maximum intensity
value that was recorded during the storm event.

The combined analysis of precipitation data and temporal occur-
rence of hydrogeological instabilities allowed for the identification of a
critical value of hourly intensity of about 40-45 mm/h that was
responsible for the activation of the soil slips in the mountain basins that
were hit by the rainstorm. In the Chiarso valley, most of the slide-debris
flows took place in the morning of 22 June, around 10:00 A.M., ac-
cording to the numerous eyewitnesses. When analysing the pattern of
hourly precipitation that was recorded at the Paularo gauge station
(Fig. 4b), an intensity value equal to 90 mm/h was recorded at 10:00 A.
M., which is the maximum rainfall intensity that characterised the
rainstorm on 21-22 June 1996 in the Chiarso valley. The considerable
concentration of shallow landslides in a small area, such as that of the
terraced slopes of Dierico and Dioor, reflects the limited extension and
the stationing of cells of intense precipitation that were formed during
the storm. Remarkably, numerous eyewitnesses related the occurrence
of abrupt variations in the rainfall intensity within short distances be-
tween adjacent areas.
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Fig. 2. Lithological map of the Chiarso valley showing the location of the shallow landslides that occurred on 22 June 1996. The codes of the soil slips shown in
Figs. 6 and 7 are reported. Coordinates are in the local RDN2008/TM33NE system.
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Fig. 3. (a) Maximum yearly values of 24-h rainfall recorded at the gauge sta-
tion of Paularo (Chiarso valley) over the period 1923-2017. (b) Critical rainfall
curves calculated on the basis of historical extreme hydrological events that
caused shallow landslides in the mountain basins of FVG during the
period 1923-2017.

2.2. The alpine terraced system

One of the most significant alpine landscape features is the occur-
rence and wide distribution of terraced belts characterised by distinct
elevations and heights above the valley floor (thalweg). The single
terrace is made up of two geomorphological units: (i) the flat or low-
inclined tread and (ii) the adjacent riser. During the Last Glacial
Maximum (LGM), the Alpine troughs were occupied by large valley
glaciers, and the maximum extension of the ice volume occurred be-
tween 26 and 23 ka cal. BP (Seguinot et al., 2018). Terracing of the
alpine valleys is the consequence of repeated fill-and-cut sedimentary
processes that characterised the end of the Late Pleistocene in the Alps,
especially during the Alpine Lateglacial (about 18.9-11.7 ka cal. BP, Ivy-
Ochs et al., 2023), i.e. the phase that started after the rapid retreat of the
valley glaciers that occurred at about 19-18 ka cal. BP. The deglaciation
of the alpine valleys was followed by repeated erosive and depositional
events that were responsible for the formation of the typical alpine
terrace sequences (Surian, 1996; Surian and Pellegrini, 2000).

Current morphological-stratigraphical data indicates that alpine
terraces mainly formed during a restricted time interval, essentially
between 18 and 12 ka cal. BP (Ivy-Ochs et al., 2023). Alpine terracing
includes both the typical alluvial belts flanking the main river course
and the terraced strips that are cut into the lateral fans deposited by the
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Fig. 4. (a) Cumulative rainfall measured by some gauge stations located in the
mountain area of FVG hit by the rainstorm on 21-22 June 1996 (for their
location, see Fig. 1). (b) Hourly rainfall intensity (mm/h) recorded by the gauge
station of Paularo on 21-22 June 1996.

secondary alluvial tributaries, especially when the fluvial catchments do
not have a negligible size (Colucci et al., 2014). All these terraces have a
geological origin and are extremely different from man-made terraced
structures designed for cultivation purposes. The alpine terraces, in most
cases covered by grass, represent the most important sectors of Alpine
valleys used by local inhabitants for haymaking and herd pasture.

The Chiarso valley is placed within the central sector of the Carnic
Alps and is crossed by the homonymous stream. Its thalweg develops
between elevations 520-860 m a.s.l., while the surrounding mountain
peaks reach a maximum elevation of about 2200 m a.s.l. The main
tributaries of the Chiarso stream are the Ruat, Minischitte, Turriea and
Muéia torrents, and the major villages are located on the terraces formed
on their alluvial fans. The valley slopes are made up of an Upper Per-
mian-Middle Triassic sequence consisting of (Fig. 2) (Venturini, 2001):
(i) gypsum and black dolomites of the Bellerophon Formation (Fm.); (ii)
dolomitic limestones, silty marls, sandstones and purplish siltstones
belonging to the Werfen Fm.; and (iii) tuffaceous sandstones, shales and
marly limestones of the Buchenstein Fm. Various deposits belonging to
the Quaternary occur along the valley sides and the thalweg. The oldest
Quaternary sediments are represented by isolated breccias and
conglomeratic deposits of unknown age (Middle Pleistocene?), which
are located along the lower slopes of the Chiarso valley. Lateglacial
terraces and Holocene alluvial deposits are also present along the valley,
where numerous alluvial fans were deposited as a result of stream
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erosive processes occurring during extreme rainfall events (Fig. 2).

According to findings of the geomorphological survey that was per-
formed within this research, alpine terraces of the Chiarso valley can be
grouped into various terrace “orders”, based on their elevation. The
multi-order terrace system is evident at Paularo, on the alluvial fans
created by the Turriea stream at the confluence with the Chiarso river,
and further downstream near Dierico and Dioor, at the confluence of the
Muéia stream and the Chiarso river (Figs. 2 and 5a). Fluvial terraces that
were formed by the main course of the Chiarso stream are made up of
typical alluvial deposits, such as sandy gravels and gravelly sands,
including several well-rounded cobbles and pebbles. These terraced
fluvial deposits are some meters above the current active stream and
characterise the lower order (T1) (Fig. 5b). Conversely, colluvial de-
posits with abundant silty matrix are distinctive of higher terrace orders
(T2-T5) and are the typical geomorphological feature of the lateral fans
deposited by the fluvial tributaries (Fig. 5b). In this second case, the
wide spectrum of the grain size classes characterising the surface sedi-
ments (from blocks to silty loam), in most cases depends on the lithology
of the rock masses outcropping in the alpine basin and along the upper
steeper rock faces.

The occurrence of many sedimentary rock masses including wide-
spread layers of marl and shale, together with the limited transport,
favoured the formation of poorly selected sediments with a significant
percentage of fines, especially silt. These poorly sorted sediments, which
have a mixture of sandy gravel supported by a clayey silt matrix, char-
acterise the colluvial terraces (T2-T5) that will be described in this work
and that were involved in most of the shallow slope failures triggered by
the 1996 rainstorm. Colluvial sediments and the related terraces are the
consequence of the limited transport of soils, and denote the vicinity of a
parent material or source rock mass that is rich in silt and clay minerals.
Another characteristic of the colluvial terraces is the modest thickness of
the surface sediment cover, which in most cases does not exceed 3 m and
overlies at depth the weathered bedrock. This situation originates a
strong permeability threshold at shallow depth and is decisive in influ-
encing the local hydrogeological behaviour of both the tread and the
adjacent scarp.

From the palaeo-environmental viewpoint, colluvial sediments were
formed during a climatic situation that was cooler than the current one,
reflecting the rapid climate modification that occurred during Pleisto-
cene Lateglacial deglaciation, which caused diffuse snow and ice
melting and the disappearance of the alpine permafrost cover. These
climatic conditions caused the surface instability of the alpine slopes and
the deposition of colluvial materials forming terraces with a shallow
cover of silty matrix-supported sediments. Some thousands of years after
their formation, the risers of the colluvial terraces have been subjected
to some critical circumstances due to instability processes caused by
heavy rainfall events that occurred during Holocene times. Storms
characterised by critical precipitations, for both intensity and duration,
caused localised failures and remobilised the colluvial materials forming
the upper tread. Consequently, the tread edges shifted upslope and the
failed sediments accumulated at the scarp toe.

These slope instability processes originated a new stratigraphy at the
face of the terrace scarp, and the original in-situ colluvial sediments
experienced a transportation process and a remobilisation that caused
some modification in the original stratigraphical sequence and in the
sedimentary texture. Newly formed landslide deposits covered the toe of
the scarp thus increasing the sediment thickness at the base of the
terrace, whereas the terrace crown moved upslope and exposed the in
situ colluvial sequence. The repetition of slope instabilities and soil slips
provoked the modification of slope angles along with stratigraphic
changes. The soil slips that occurred on 22 June 1996 in the Chiarso
valley represent only one case, even if well documented, of the
numerous and repeated critical rainfall events capable of triggering
failure of colluvial terrace scarps. For this reason, the stratigraphy of the
terrace riser, especially the middle and the lower part, is not the same as
the upper terrace tread, and this difference has to be considered when
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designing the geological schematisation of the slope for modelling
purposes.

The field survey performed immediately after the catastrophic
rainstorm that occurred on 21-22 June 1996 allowed for the acquisition
of fundamental data on the stratigraphy of colluvial terraces, both at the
tread edges and along the scarps. The in-situ colluvial deposit forming
the terrace tread is typically characterised by a three-layer stratigraphy:

(1) a surficial 20-40 cm-thick organic brown soil with roots and
macro-voids;

(2) an intermediate 50-150 cm-thick olive-brown loamy colluvial
layer; and

(3) a basal 30-150 cm-thick yellowish-brown clayey loamy colluvial
layer mixed with abundant angular rock fragments derived from the
local bedrock.

The weathered local bedrock is sometimes visible beneath the basal
colluvial layer. The total thickness of the stratified colluvial deposit can
vary according to the specific location and terrace order, but frequently
ranges between 100 and 300 cm. Conversely, the terrace riser is
commonly made up of a single and heterogeneous soil layer with roots
and voids and a variable thickness that progressively increases from the
tread border (20-40 cm) to the scarp toe (70-100 cm).

2.3. Soil slips occurrence

The rainstorm that hit the Chiarso valley caused a large number of
shallow landslides that occurred in a 4-5 km-long area of the valley,
between the villages of Paularo and Salino (Fig. 2). This hydrogeological
instability event resulted in extensive damage to infrastructures (road
interruptions, retaining wall collapses), edifices (barn collapses, evacu-
ation of threatened homes), farmlands (cultivation destruction) (Figs. 6
and 7), and also caused the death of one person run over by a debris
flow. These shallow landslides can be referred to as soil slips (slide-
debris flows) that involved colluvial deposits on both slope debris covers
and alpine terraces (Figs. 2 and 5).

An extensive field campaign was performed immediately after the
catastrophic event, in the period June-November 1996, and 52 land-
slides were recorded in this area. Each slope failure was localised on the
regional technical map, coded (P1-P52), and surveyed to establish its
geometric and geomorphological characteristics. The focus was on
shallow failures involving the alpine terraced belts (Table 1), in order to
investigate the geotechnical properties of the involved materials
(Tables 2-4) and to analyse the infiltration process and stability condi-
tion of colluvial terraces.

During the field survey, the basic geological and geomorphological
features of the shallow landslides were defined, including the geometry
of the exposed failure scar, the stratigraphy of the colluvial deposit and
the shape and extension of the slide mass. The analysis of the slide
detachment surface as well as of the propagation of the failed material
allowed us to recognise different evolutionary processes of the shallow
landslides, starting from the initial sliding up to the final material
deposition. When considering the geometry of the detachment surface,
failure occurred through sliding in correspondence with a flat surface
(planar sliding) or a slight circular surface (rotational sliding). Both
situations were identified, even if the exact geometry of the failure
surface was not always ascertained since the latter was only exposed in
its upper part.

In a few cases, the slope instability process stopped immediately after
the initial sliding and the mobilised material accumulated at a short
distance at the toe of the landslide, resulting in a simple sliding (type A
in Table 1). In most cases, after the initial sliding, the failure process was
characterised by a fluidisation of the mobilised material and the slide
mass lost its compactness, assuming the features of a debris flow that
propagated downstream, often descending according to the maximum
dip direction of the slope (Figs. 6 and 7). Two basic types of slide-debris
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Fig. 5. (a) Map and (b) geological section of the alpine colluvial terraces at Dioor, showing the different terrace orders.

flow were distinguished: (i) a flow associated with a single transporting
channel (type B in Table 1) Figs. 6a and 7; and (ii) a flow characterised
by the formation of multiple transporting channels (type C in Table 1)
(Fig. 6b). According to the data collected on the field, slope failure
processes of the slide-debris flow type largely predominated (88%) over
soil slips of the simple-sliding type (12%), thus demonstrating that the
heavy rainfall characterising the storm on 21-22 June 1996 was high
enough to cause, in most cases, the fluidisation of the colluvial materials
that were involved in the slope failures.

The geometric data of the soil slips demonstrates the recurrent
shallowness of the slope failures, the thickness (h) usually being
included between 0.5 and 2.8 m, with an average value of 1.2 m
(Table 1). The shape of the failure surfaces is commonly sub-rectangular
(see for example slide P19 in Fig. 6a and slide P32 in Fig. 7), with a
length (a) that is commonly larger than the width (b). The slide areas
vary between a few tens of m? and a maximum of 600 m? (slide P43).
The low depth and size of the failure surfaces determined small volumes
of the mobilised material, which have been estimated from 10 m? to 480
m3, with an average value of about 110 m? (Table 1).

The dip angle of the terrace risers involved in the shallow landslides
essentially varies between 30° and 45°, with an average value close to
40° (Table 1). A dip angle higher than 45° was only ascertained for slide
P45, which occurred on the uppermost terrace order of the valley, at the
toe of steep rock scarps. The soil-slips involved alpine terraces occurring
at various elevations above the valley floor (in most cases, in the range
600-700 m a.s.l.), which are characterised by different types of loose soil
deposits. The failed slopes belong to various orders of alluvial terraces,
which have been coded according to their elevation (T1-T5 in Tables 1
and 2nd Fig. 5), T5 being the highest terrace and T1 the lowest one,

respectively. Most of the slope failures occurred on the lower terraces
(T1-T3), with 14 soil slips that involved the intermediate terrace T2
(about 60% of the total), at elevations between 630 m a.s.l. and 660 m a.
s.l. This concentration of side-debris flows mainly characterises the sub-
unit T2b, where greater slope angles occur (43°).

The colluvial terraces were often cultivated or were kept as grass-
covered areas for the collection of hay. In most cases, the presence of
isolated trees or shrubs on the slopes prevented the occurrence of
shallow instability processes, which only involved the grassy soil covers
(Figs. 6 and 7). This fact demonstrates that, in these cases, the soil
strength increase due to the development of the root systems (especially
of trees) is large enough to inhibit the colluvial slope failure. This
additional shear resistance contribution, which was also defined as root
strength factor (RSF; Sidle et al., 1985), depends on the specific vege-
tation type and can reach effective cohesion values of 20-70 kPa, in most
cases (Fan and Su, 2008; Zhang et al., 2010; Balzano et al., 2019).

The most frequent case of slope instability that has been observed on
the field is the one related to soil slips that occurred at the top of the
terrace risers, that is immediately below the edge of the terrace treads. In
this case, the distance between the slide crown and the border of the
tread (L) is lower than 2 m (Table 1). In some cases, multiple slide-debris
flows affected the same scarp at several points that are located a few tens
of meters away, but always immediately below the tread edge (Fig. 7).
Some soil slips also occurred far from the upper border of the terrace
scarp, i.e., in the middle or at the toe of the risers, with a distance from
the tread border included in the range 5-15 m (Table 1).
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Fig. 6. (a)-(b) Colluvial slopes near the village of Salino with distinct shallow slope failures associated with slide-debris flow. Note the highly disintegrated state of

the failed material (for their location see Fig. 2).

upper terrace tread

e e e = T
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Fig. 7. Terraced slope near the hamlet of Dioor subjected to multiple soil slips of the slide-debris flow type (for their location see Fig. 2).

3. Geotechnical characterisation of colluvial materials

A number of soil samples were collected from 21 different shallow
landslides that occurred along the Chiarso valley on 21-22 June 1996, in
order to investigate the geotechnical properties of the materials that
were involved in the slope failures (Fig. 2). During the sampling pro-
cedure, particular attention was paid to avoid or reduce disturbance.
The soil samples were collected from freshly exposed surfaces of the

slides after cleaning the point of sampling by removing the surficial
detritus. In most cases, the soil sampling was performed in correspon-
dence with or immediately above the sliding surface of the soil slips. The
soil samples were collected using steel cylindrical samplers with a cut-
ting edge in order to minimise the contact and, thus, the side friction
between the cutter walls and the coarser particles included in the soil
mixture (cobbles and rock fragments). On the one hand, the increase in
the volume of the sampler reduces the error associated with the



P. Paronuzzi and A. Bolla

Engineering Geology 323 (2023) 107199

Table 1
Type and geometrical characteristics of the shallow landslides surveyed in the Chiarso valley, ordered according to elevation and grouped according to various terrace
orders.
Slide code Type” Location Terrace order Elevation Lengtha  Width b Thickness h h/a h/b 1 Volume Area Terrace riser dip
(masl)  (m) (m) (m) ) @ @) m» )
P45 B Ravinis T5 860 12.3 7.0 1.6 0.13 0.23 0.0 72 68 48
P34 B Dioor T4 735 15.2 5.2 1.4 0.09 0.27 8.2 58 62 34
P36 A Dioor T4 708 15.8 14.2 0.7 0.04 0.05 6.6 76 176 30
P32 B Dioor T3 690 18.4 17.8 2.8 0.15 0.16 0.0 480 257 40
P33 B Dioor T3 689 13.0 8.3 1.5 0.12 0.18 1.5 85 85 35
P35 B Dioor T3 680 9.5 18.3 1.4 0.15 0.08 0.0 127 137 40
mean 14.0 11.8 1.6 0.11 0.16 2.7 150 131 38
P40 B Dioor T2b 658 14.1 13.1 21 0.15 0.16 6.0 203 145 44
P41 B Dioor T2b 658 8.0 5.0 1.0 0.13 0.20 5.0 21 31 44
P31 B Dierico T2b 647 12.2 9.7 1.0 0.08 0.10 12.0 62 93 44
P30 B Dierico T2b 645 11.8 7.8 0.9 0.08 0.12 0.0 43 72 39
P39 B Dioor T2b 645 8.2 5.8 1.3 0.16 0.22 - 32 37 45
P43 C Dierico T2b 645 23.0 33.2 1.0 0.05 0.04 1.2 400 600 43
P42 B Dierico T2b 640 15.0 6.2 1.3 0.09 0.21 2.0 63 73 42
P44 C Dierico T2b 640 27.2 9.8 0.8 0.03 0.08 14.0 112 209 41
P05 B Paularo T2b 640 315 20.0 0.7 0.02 0.04 15.0 231 495 44
P16 C Plan di Laris T2b 640 15.7 12.2 1.5 0.10 0.12 0.0 150 150 41
P37 A Plan di Laris T2b 635 14.5 6.1 1.0 0.07 0.17 12.0 46 69 45
mean 16.5 11.7 1.1 0.09 0.13 6.7 124 179 43
P26 B Dioor T2a 630 8.6 4.6 0.5 0.06 0.11 9.0 10 31 31
P27 B Dioor T2a 630 10.8 12.6 1.5 0.14 0.12 - 107 107 30
P38 B Dioor T2a 630 14.0 8.7 1.2 0.09 0.14 - 77 96 33
mean 11.1 8.6 1.1 0.10 0.12 9.0 65 78 31
P29 B Dierico T1 622 6.5 7.6 0.8 0.12 0.11 0.0 21 39 43
P28 A Dierico T1 620 8.0 6.3 0.6 0.08 0.10 1.0 16 40 43
P10 B Paularo T1 620 16.0 13.5 0.8 0.05 0.06 0.0 90 170 44
P13 B Paularo T1 615 13.0 10.5 1.5 0.12 0.14 - 107 107 35
mean 10.9 9.5 0.9 0.09 0.10 0.3 59 89 41

@ A: simple sliding; B: slide-debris flow with single transporting channel; C: slide-debris flow with multiple transporting channels.

b Distance between slide crown and terrace tread border.

Table 2
Grain size composition of the colluvial soils sampled from the shallow landslides
in the Chiarso valley.

Sample Slide Terrace order Depth Gravel Sand Silt Clay

(m) (%) (%) (%) (%)
P34S52 P34 T4 0.7 11.0 13.8 52.8 22.4
P36S2 P36 T4 0.5 0.0 42,5 41.0 16.6
P32S3 P32 T3 2.8 16.5 34.4 34.2 14.9
P33S2 P33 T3 1.3 34.7 21.2 31.3 12.7
P35S2 P35 T3 0.5 2.7 16.8 52.8 27.8

mean 18.0 24.1 39.4 18.5
P30S2 P30 T2b 0.5 27.3 20.1 33.9 18.7
P39S2 P39 T2b 1.3 33.3 22.2 31.0 13.5
P43S3 P43 T2b 1.0 30.9 18.5 29.6 21.0
P42S3 P42 T2b 1.3 14.1 14.6 39.0 32.2
P05S2 P05 T2b 0.4 25.0 27.8 25.9 21.3
P37S4 P37 T2b 1.0 76.5 13.0 5.9 4.6

mean 34.5 19.4 27.6 18.6
P2654 P26 T2a 0.5 14.5 15.2 48.3 22.1
P27S2 P27 T2a 1.5 34.9 27.2 26.7 11.3
P38S2 P38 T2a 1.2 25.5 21.1 35.4 18.0

mean 249 21.2 36.8 171
P29S3 P29 T1 0.8 0.7 77.9 18.2 3.2
P28S3 P28 T1 0.6 1.2 74.3 21.1 3.4
P10S3 P10 T1 0.8 29.5 18.2 36.4 16.0
P13S4 P13 T1 0.6 37.8 18.6 32.1 11.5

mean 17.3 47.2 26.9 8.5

volumetric determination, but on the other hand, it increases the
probability of contact with the coarser particles and, therefore, the
extent of the disturbance. The objective difficulty of obtaining undis-
turbed samples from heterogeneous materials with a relevant coarse
fraction, as commonly occurs in colluvial covers, must also be kept in
mind. In these circumstances, a certain level of disturbance during the
soil sampling must be considered unavoidable. The soil samples were

then sealed and rapidly brought to the laboratory for the determination
of their moisture properties.

The terraced deposits showed a variable grain size composition, in
which the coarser fraction (gravel and sand) was in most cases equiva-
lent to the finer fraction (silt and clay) (Fig. 8 and Table 2). The clay
fraction was always lower than 35%, and often between 10 and 25%;
whereas the silt/clay ratio remained quite constant and equal to 1.5.
Remarkably, the grain size characteristics of the Late Pleistoce-
ne-Holocene deposits vary on the basis of the elevation and corre-
sponding order of the terraces (Table 2), and three main groups of
sediments are clearly recognisable in the diagram in Fig. 8, which shows
the grain size distribution curves of the various samples analysed. The
lowermost terrace T1 (610-630 m a.s.l.), which was formed during the
Holocene, was characterised by the presence of fluvial sediments,
sometimes well sorted as in the case of the silty sands of slides P28 and
P29. These alluvial sediments showed a remarkable degree of grading,
with values of the uniformity coefficient (Cu) equal to Cu = 4-7, and
with a high sandy fraction (74-78%) accompanied by a certain content
of silt (18-21%). The grain size distribution curves of these well graded
silty sands are clearly differentiable (Group 3 in Fig. 8) from the other
soil samples analysed.

Fluvio-glacial materials of Late Pleistocene age were prevailing in
the intermediate terrace T2 (630-660 m a.s.l.), also locally including
some striated pebbles. These soils were poorly sorted, with a content of
granular particles (46-54%) that was very close to the amount of silt and
clay (54-46%). The composition of these materials was, on average:
30% gravel, 20% sand, 30% silt and 20% clay (Group 1 in Fig. 8). Based
on their grain size distribution, these materials can be considered as
sandy-clayey silts with a significant gravelly content. From the sedi-
mentological viewpoint, the pelitic-sandy matrix can be considered as a
loam.

The terraces pertaining to the highest elevations (T3-T5) are well
differentiated from the lower ones for the widespread occurrence of
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Geotechnical index properties of the colluvial materials sampled from the detachment surfaces of the soil slips in the Chiarso valley.

Sample Depth  Wet unit Dry unit Specific Void Porosity =~ Natural water Saturated water Saturation Volumetric water
weight weight gravity ratio n content content degree content
4 7d Gs e w Waat S Oy

(m) (kN/m®) (kN/m®) ) ) (%) %) %) (%) (m*/m®)
P45S1 1.5 21.87 17.95 2.71 0.51 34 18 19 95 0.33
P34S52 0.7 22.67 20.07 2.71 0.35 26 13 13 100 0.26
P36S2 0.5 18.50 13.46 - - - 37 - - -
P32S3 2.8 18.88 13.95 2.72 0.95 49 34 35 98 0.48
P33S52 1.3 19.69 15.26 2.68 0.76 43 29 29 100 0.43
P35S52 0.5 20.21 15.87 2.69 0.70 41 27 27 100 0.41

mean 19.59 15.03 2.70 0.80 44 30 30 99 0.44
P16S1 1.3 17.70 14.03 - - - 26 - - -
P31S1 0.3 17.58 13.11 - - - 34 - - -
P30S2 0.5 18.70 13.62 2.71 0.99 50 36 37 99 0.49
P39s2 1.3 19.93 15.45 2.71 0.75 43 29 29 100 0.43
P43S3 1.0 18.38 14.18 2.72 0.92 48 30 34 88 0.42
P42S3 1.3 18.92 15.22 2.70 0.77 44 24 29 83 0.37
P05S2 0.4 19.11 15.35 2.69 0.76 43 24 28 86 0.38
P3754 1.0 18.70 15.00 2.71 0.81 45 25 30 83 0.37

mean 18.63 14.50 2.71 0.83 45 29 31 90 0.41
P2654 0.5 17.90 13.47 2.78 1.06 52 27 38 71 0.36
P27S2 1.5 21.82 18.36 2.78 0.52 34 18 19 96 0.33
P38S2 1.2 - - 2.69 0.60 37 22 22 100 0.37

mean 2.75 41 22 26 89 0.35
P29S3 0.8 15.86 14.01 2.73 0.95 49 18 18 100 0.26
P28S3 0.6 16.07 13.97 2.75 0.97 49 18 18 100 0.25
P10S3 0.8 19.76 16.04 2.70 0.68 41 23 25 92 0.37
P13s4 0.6 20.48 16.93 2.75 0.62 38 21 21 100 0.35

mean 18.04 15.24 2.73 0.80 44 20 21 98 0.31

Table 4 considerable clayey loamy component (SM) (Fig. 8). The fine soils with
able

Shear strength properties of some colluvial samples collected from the soil slips
in the Chiarso valley.

Sample Slide code Depth Peak shear strength Residual shear strength
(m) ¢’ () c(kPa) ¢ () c(kPa)
P26S4 P26 0.50 38.3 0.0 29.5 0.0
P27S2 P27 1.50 37.1 0.0 34.7 0.0
P32S1 P32 0.15 31.5 4.0 29.8 2.1
P32S3 P32 2.80 27.0 4.2 25.2 2.2
P3254 P32 3.45 37.8 3.1 325 0.0
P3552 P35 0.50 28.2 5.1 27.5 0.0
P43S3 P43 1.00 32.2 3.1 31.3 0.0

colluvial materials that derived from the alteration of the underlying
parent bedrock. Terrace T3 (670-690 m a.s.l.) was characterised by the
presence of a yellowish-brown colluvial cover. These sediments showed
a prevailing silty fraction (34-53%), which was associated with not
negligible fractions of clay (15-28%), sand (17-34%) and gravel
(3-35%) (Group 2 in Fig. 8). The matrix mainly consists of sandy-clayey
silt (as for slide P32) passing to clayey-sandy silt (slides P42 and P35).

The fluvio-glacial and colluvial terraces belonging to orders T2-T5
showed a typical three-layer stratigraphy, even if they were charac-
terised by a variable thickness. Fig. 9 shows the stratigraphy of the
colluvial deposit that was exposed at the crown scarp of slide P32,
pertaining to order T3 (Table 2). Field observations pointed out the
occurrence of eight distinct stratigraphic units that were grouped into
three main soil layers (Fig. 9): (i) a 30 cm-thick surficial layer of an
organic soil horizon with abundant root development (C1); (ii) a 270
cm-thick intermediate layer made up of a prevailing sand-silt-clay
mixture (C2-C6); and (iii) a 50 cm-thick basal layer of a soil mixture
that included cobbles and rock pieces (C7-C8).

When considering the USCS classification system, the analysed sed-
iments can be classified on the basis of their grain size and plasticity
properties as non-uniform soils with a mixed fine-coarse composition.
The most frequent soils are the fine ones with medium to low plasticity
(ML), along with the gravelly soils (GM) and the coarse soils with a

10

medium plasticity (MH) are subordinate. All samples fell below the A-
line in the Casagrande plasticity chart (Fig. 10a). The fine matrices of the
sediments are substantially represented by inorganic clayey silts with
low or medium plasticity and the colloidal activity of the clayey fraction
is generally below the typical values of inactive soils (Fig. 10b). The
valuesof the Atterberg limits and of the colloidal activity index (Fig. 10a,
b) indicate that there is no correlation between the plasticity and activity
characteristics of the materials and the specific type of slope instability.

The values of the liquid limit (LL) were compared with the water
content at saturation (Wgy) of the samples to calculate the approximate
mobility index (AMI), as formulated by Ellen and Fleming (1987) to
express the predisposition of materials to fluidisation (Fig. 10c). Almost
all samples fell within field B, which is defined by the condition 0.45 <
AMI < 1. This area of the graph corresponds with soils that may undergo
partial fluidisation following an increase in water content. Only one
sample fell within field C (AMI < 0.45), which includes soils that cannot
incorporate enough water to fluidise and originate granular flows. The
propensity of the sampled soils to fluidise upon failure was also evalu-
ated by considering the liquidity index (LI), which has been used by
previous authors to assess the fluidisation potential of soils upon failure
(Locat and Demers, 1988; Kluger et al., 2022). According to the values
determined in the laboratory, most of the samples were characterised by
LI < 0, indicating a solid or semi-solid consistency. Only two samples,
which are related to slides P32 and P33, had values of the liquidity index
included in the range 0 < LI < 1.0, corresponding to soils in a plastic
state.

Table 3 shows some geotechnical properties of the sampled materials
that include unit weight, specific gravity, void ratio, porosity and nat-
ural water content. The specific gravity of the solid fraction of the
samples was generally constant, with an average value equal to 2.72;
whereas the void ratio was variable, with values mainly included be-
tween e = 0.5 and e = 1.0 and an average value close to e = 0.80-0.85.
The values of the natural water content (W) essentially vary in the range
W = 20-30% (Table 3). The degree of saturation (S) is commonly high
and equal to S = 85-90%, even if lower values were determined for
slides P28 and P29 (S = 50-52%). These lower values of S are justified
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Fig. 8. Grain size distribution curves of the soils mobilised by the slide-debris flows of the Chiarso valley. Note the three different groups of curves related to sets 1, 2
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Fig. 9. Detailed stratigraphical section exposed at the crown scarp of slide P32.
The USCS soil classification and peak shear strength properties of correspond-
ing soil samples are also shown.

by the significant sandy content of the samples, which reflect a lower
capacity of water retention of coarse soils. The volumetric water content
(6y) has a quite constant value that is close to 8,, = 0.40, ranging be-
tween 0.25 and 0.49. The high values of the natural water content ob-
tained from the colluvial samples resulted in a low effective porosity ()
of the soil (p = 0.05-0.08), being p the difference between the total
porosity (n) and the volumetric water content. The effective porosity of
the colluvial slopes in FVG is lower than the value (p = 0.20) assumed in
infiltration modelling of slopes in California (Pradel and Raad, 1993).
This fact indicates that in the surficial soils of the alpine area of FVG the
volume of the voids that can be filled by water during heavy rainfall is
significantly lower, and consequently, the saturation condition can be
reached in less time.

In order to evaluate possible seasonal variations of S of the colluvial
deposits at depth, some soil moisture profiles were determined through
measurements that were performed in both winter and summer.

11

Measurements were carried out on soil samples that were collected from
slide P32 (Paronuzzi et al., 2022), which occurred in T3 terrace order
near Dioor (Fig. 5) and was characterised by the highest thickness value
among all the slope failures analysed (Table 1).

Figure 11 shows two soil moisture profiles related to winter
(Fig. 11a) and summer (Fig. 11b) periods, with variations of S at depth
and the related trends of various mobile means (mm = 3, 6 and 8)
(Fig. 11c, d). The general trend showed an increase in the degree of
saturation as the depth increases, with values of S that wereclose to
saturation starting from a depth of 200-250 cm. However, the moisture
profiles were irregular, with saturation peaks that were separated by
zones of lower water content (Fig. 11). At least three moisture peaks
were recognisable: at depths of 30-60 cm, 130-170 cm, and 220 cm
from the topographic surface. These peaks were found to be quite con-
stant in the various seasons of the year. In addition, the minimum value
of S was not related to the superficial soil horizon but was found at a
greater depth (70-120 cm), without a significant seasonal variation. The
soil moisture profiles also showed a remarkable constant average value
of S of the colluvial deposit (about 85%).

Some suction measurements were also carried out using the pressure
plate instrumentation (Meriggi, 1999), in order to reconstruct the Soil-
water characteristic curve (SWCC) of the materials involved in slide
P32 (Paronuzzi et al., 2022). In detail, the SWCC was determined by
using the suction experimental measurements related to the intermedi-
ate colluvial layer and the equation proposed by Fredlund and Xing
(1994), based on the parameters a, n and m (Fig. 12).

The shear strength properties of the colluvial materials were esti-
mated in the laboratory by means of direct shear tests performed on
seven samples that were collected from five selected slides. The soil
sampling for the direct shear tests was performed at selected locations
using steel samplers with an area of 60 x 60 mm and height of 20 mm,
which are consistent with the size of the direct shear box. As for the slide
P32, soil samples were collected from each of the three recognised layers
(Fig. 9). The direct shear tests allowed us to determine both the peak and
residual strengths of the tested materials.

The soil samples were placed in the direct shear apparatus and
subsequently submerged in distilled water, thus the tests were per-
formed in saturated conditions. Three different confining pressures were
considered, namely 30 kPa, 54 kPa, and 79 kPa, which are consistent
with stress values at the depths of sampling of the colluvial materials
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Fig. 10. (a) Plasticity chart, (b) activity chart, and (c) approximate mobility
index (AMI) of the analysed colluvial samples (n = 15) involved in the shallow
landslides in the Chiarso valley.

(Fig. 13). The drained shear strength of the tested materials was assessed
employing a very low displacement rate, equal to 0.015 mm/min, in
order to avoid the development of pore-water overpressures. After
reaching the peak shear strength for each sample, the shear stage was
prolonged until stable residual strength conditions were reached at large
deformations, which usually corresponds with centimetric
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displacements.

The results of the direct shear tests showed a slight difference be-
tween peak and residual strength values of the tested materials (Table 4
and Fig. 13). On the whole, values of the peak friction angle varied in the
range 27-38°; whereas values of the residual friction angle were be-
tween 25 and 35°. As for the cohesion, peak values were in the range
0-5 kPa. The slight difference between peak and residual strength values
as well as the null cohesion values at residual conditions reflect the
scarce amount of clay fraction within the seven tested soil samples (CF
= 11-28%). The aforementioned strength values are consistent with the
shear resistance characteristics of poorly sorted silty sand soils (Salgado
et al., 2000; Cho et al., 2006; Schnellmann et al., 2013).

4. Soil slip activation on terraced geometry

Some two-dimensional (2D) seepage and slope stability analyses
were carried out to study shallow failures that can affect colluvial ter-
races in the mountain area of FVG. In detail, we firstly simulated the
rainfall infiltration process occurring within a colluvial terrace as a
result of some extreme hydrological events, and then we analysed slope
stability according to the corresponding pore pressure variations. In this
manner, we evaluated the stability of a terrace over time, investigating
the critical conditions that are responsible for soil slip activation.

The infiltration process affecting the colluvial terrace was simulated
by using the finite element method (FEM), in order to compute the
suction and pore pressure variations along with the seepage vectors
resulting from rainfall infiltration. The pore pressure distributions ob-
tained from the transient seepage simulations were subsequently used as
input data in the slope stability analyses, which were carried out
employing the limit equilibrium method (LEM) in order to calculate the
variations in the factor of safety (FoS) of the terrace. In the LEM ana-
lyses, the rigorous Morgenstern and Price (1965) method was adopted to
calculate FoS. The 2D seepage and slope stability analyses were per-
formed using the codes SEEP/W and SLOPE/W (Geo-Slope International
Ltd., 2016), respectively.

The 2D calculation section of the terrace was set up on the basis of
field evidence that was acquired from the shallow slope failures sur-
veyed along the Chiarso valley. The terrace is formed by a 20 m-long
gently dipping tread (5°) and by a riser with an inclination equal to 40°
and a length of about 15 m (Fig. 14). The terrace tread and riser were
designed long enough to prevent possible influences of the boundary
conditions on the pore pressure computation. The terrace tread is a 3-
layer deposit whose stratigraphy was schematised as follows (Fig. 14):

1. a surficial 30 cm-thick soil layer;
2. a 120 cm-thick intermediate colluvial layer; and
3. a 150 cm-thick basal colluvial layer.

The porosity, the degree of saturation and suction values (hg and hy)
of the various soils, were assessed on the basis of the measurements
carried out in the laboratory on soil samples (see section 3). However,
despite the increasing curvilinear trend of the degree of saturation at
depth that was ascertained on slide P32, the stratified deposit was
schematised assuming different but constant values of the initial water
content (01, 0s2 and Os3) and a corresponding degree of saturation (S;,
S, and S3) for the various soil layers.

When considering the lack of specific in-situ infiltration measure-
ments, the saturated permeability of the various soils was assumed on
the basis of values reported in the literature (Tsaparas et al., 2002; Li
et al., 2013; Rahardjo et al., 2013), with particular reference to the in-
situ hydraulic conductivity (Lim et al., 1996; Dapporto et al., 2005;
Jeong et al., 2017; Yang et al., 2017). In fact, the latter can be even 2-3
orders of magnitude greater than corresponding values obtained from
laboratory tests on soil samples (Lim et al., 1996; Damiano et al., 2017).
Particular attention has been paid to colluvial and/or residual materials,
for which saturated permeability values varying in the range k = 1 x
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107*1 x 107 m/s were suggested (Ng and Shi, 1998; Dai et al., 1999;
Gasmo et al., 2000; Rahimi et al., 2011; Cuomo and Della Sala, 2013;
Balzano et al., 2019).

Therefore, the following values were assumed as representative for
the saturated permeability at the slope scale of the three soil layers
forming the terrace tread, decreasing from the top to the bottom: (i) k;
=10~ m/s for the high-permeable surficial organic soil; (ii) ko = 107°
m/s for the sandy-silty-clayey intermediate colluvium; and (iii) k3 =
1076 m/s for the silty-clayey basal layer. These values are only indica-
tive and describe the average behaviour of the various materials, thus
being useful to verify the influence of hydrological stratifications within
the colluvial cover on the rainfall infiltration process.

In order to take into account possible variations in the permeability
of the unsaturated soil during the infiltration process, different volu-
metric water content and hydraulic conductivity functions were
assigned to the hydrogeological units, depending on the matric suction
and according to their saturated permeability. The hydraulic perme-
ability functions were evaluated according to the soil-water character-
istic curve reconstructed on the basis of the suction experimental
measurements previously presented (Fig. 12). The terrace riser is made
up of a soil layer of a variable thickness (0.3-0.7 m), with the same
characteristics as the soil horizon at the top of the terrace tread (Fig. 14).
In addition, a fourth material was considered, which corresponds to a
saturated bedrock of very low permeability (k4 = 10~ m/s).

As for the mechanical properties, the involved soils were modelled as
Mohr-Coulomb materials, and the values of unit weight, cohesion and
friction angle were assumed according to the results of the geotechnical
laboratory tests (Table 4). Notably, when assessing shear strength
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properties of colluvial soils in slope stability analyses, the following is-
sues have to be considered:

1. The extremely heterogeneous nature of the colluvial materials makes
sampling difficult, and a certain degree of disturbance is unavoid-
able. In particular, at a low depth and for low confining pressures,
the sampling of soil mixtures including coarser elements can result in
a compaction of the soil, which in turn, causes an increase in the soil
shear strength (Wasterlund, 2020);

2. A very important factor affecting the measured soil parameters is the
size of the sample tested in the direct shear apparatus (scale effect)
(Stefanow and Dudzinski, 2021). In particular, some studies have
found that the measured internal friction angle in sands and clayey
sands decreased as the size of the measurement box increased
(Cerato and Lutenegger, 2006; Wu et al., 2008; Dadakh et al., 2010).
This scale effect in the box can be explained by the smaller ratio of
the sample length to the median grain diameter (L/Dsg) if compared
with the actual size of the shear zone in correspondence with the
slope failure surface (Wu et al., 2008; Zhou et al., 2009); and

3. In slope stability analyses adopting the LEM, one basic assumption is
that the peak shear strength is attained simultaneously along the
entire rupture surface. Many soils that include a significant fine
fraction, like loamy soils that make up colluvial covers, demonstrate
strain-softening behaviour. For these soils, it is unreasonable to as-
sume that the soil reaches its peak strength simultaneously at all
points along the failure surface (Wu, 1996). If the soil had previously

14

Engineering Geology 323 (2023) 107199

experienced large deformations at some points on the rupture sur-
face, particularly along the terrace risers that may have been
involved in previous sliding processes (see section 2.2), the strength
at these points is reduced to residual strength.

Based on the aforementioned issues, in-situ shear strength properties
of colluvial soils can be lower than strength values estimated on labo-
ratory samples. Consistently, the values of the friction angle and cohe-
sion of the materials modelled in the slope stability analyses were
assumed as included between peak and residual values. Therefore, the
mechanical parameters of the three soil layers were as follows: (i) y; =
17.0 kN/m?, g1 = 30.0°, ¢; = 3.8 kPa; (ii) y2 = 18.9 kN/m?, ¢ = 25.5°,
o = 2.2 kPa; and (iii) y3 = 19.6 kN/m®, 5 = 33.5°, c5 = 2.0 kPa. The
bedrock was considered as an impenetrable material. In addition, the
unit weight in the unsaturated zone and the matric suction of the
modelled materials were computed from each corresponding volumetric
water content function.

The finite element mesh was set up as regularly as possible, only
employing quadrilateral elements with an average size of 0.1 m x 0.1 m
(46,283 nodes and 45,831 elements), which are much more suitable for
modelling ground surface processes because the primary unknown
gradients are usually steeper in a direction perpendicular to the surface
(Geo-Slope International Ltd., 2016). In the 0.3 m-thick soil horizon at
the top of the terrace tread, the mesh was designed to be denser (seven
elements in the Y-direction) in order to properly simulate the infiltration
process within this layer.

Particular attention was paid to both boundary and initial condi-
tions. A drainage condition was set up at the upslope extremity of the
terrace tread as well as at the lower end of the terrace riser (Fig. 14). The
drainage condition allowed for simulating the seepage process and the
water discharge properly, avoiding the onset of excessive and unrealistic
pore-water pressures. Differently, a permeability threshold (no flux
boundary condition) was assumed at the base of the model to prevent
undesired water outflow. Rainfall was applied at the surface mesh
boundary (i.e., on the topographic surface) as a water unit flux (m/s) vs.
time (s) function. Furthermore, water was not allowed to pond on the
surface mesh boundary, and the “potential seepage face review” option
was set up to guarantee that computed pressures at the mesh nodes on
the topographic surface were not greater than zero, as positive pressure
on the surface indicates ponding, which cannot happen along the
sloping boundary.

The initial conditions of the seepage modelling were set up in two
well-defined stages. In the first stage, a steady-state simulation was
carried out to initialise the hydrogeological properties of the modelled
materials on the basis of their volumetric water content and hydraulic
conductivity functions. The second stage was performed in order to
obtain an initial degree of saturation for each of the three soil layers that
was consistent with the measurements actually acquired in the field. To
this aim, we carried out a preliminary transient analysis in which a
design hyetograph made up of an alternation of dry and rainfall periods
was iteratively determined until reaching the desired values of water
content of the three soil layers.

Then, when performing the transient seepage analyses to study the
effects of an extreme hydrological event, two different rainfall patterns
were considered (Fig. 14). In the first case, an idealised hyetograph was
assumed, which considers a 5-h rainfall with a variable intensity of
30-40-60-40-30 mm/h (Case 1). This idealised rainfall pattern has a
cumulated height of 200 mm over 5 h, which corresponds to a reference
extreme hydrological event that occurs in the mountain area of FVG
with a return period of about 150-200 years (Paronuzzi et al., 1998). In
the second case, we assumed the key span of precipitation that actually
fell in the Chiarso valley on 22 June 1996 (Fig. 4), which coincided with
a 5-h rainfall with an intensity of 90-30-55-30-23 mm/h and was
responsible for all the soil slips that occurred in the valley (Case 2a). In
addition, in order to test the influence of the initial saturation degree of
the soils on the stability condition of the colluvial terrace, we also
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itation actually fell on 21-22 June 1996.

carried out a simulation based on the rainfall pattern on 22 June 1996
that was directly computed after the initial steady-state simulation, i.e.,
without performing the preliminary transient analysis (Case 2b). In all
the three cases analysed, the transient seepage simulations were pro-
longed up to fourteen days after the rainfall end, in order to fully
appreciate the progressive desaturation of the terrace and the related
changes in slope stability.

The results of the transient seepage simulation related to Case 2a are
shown in Fig. 15, in which the computed variations of the volumetric
water content, the seepage vectors and the location of the ground water
table are drawn at some specific steps over the analysis, starting from the
initial saturation condition before the occurrence of the simulated
rainfall event (Fig. 15a). After the first hour of heavy rainfall, charac-
terised by an intensity of 90 mm/h (Fig. 15b), the infiltration process
results in the onset of an ephemeral water table within the saturated soil
layer on the terrace riser. This water table is sustained by the perme-
ability threshold represented by the basal contact with the underlying
bedrock and is associated with a downward sub-parallel seepage. On the
terrace tread, a top-down saturation front forms within the intermediate
colluvial layer. In addition, at the rim of the terrace, a riser-to-tread
water inflow occurs, favouring a rapid saturation of the outer part of
the colluvial deposit that is behind the surficial soil layer (Fig. 15b).
After three hours of rainfall (cumulated intensity of 90-30-55 mm/h),
the terrace is affected by two advancing saturation fronts (Fig. 15c¢). A
top-down front moving towards the basal colluvial layer and a riser-to-
tread front that advances laterally inside the terrace. The combined
action of these two advancing fronts causes the rapid saturation of the
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intermediate colluvial layer and a related pore pressure increase. In
addition, a bottom-up saturation starts from the layer 1-layer 2 interface
within the top soil horizon (Fig. 15¢). The terrace riser is also charac-
terised by significant downward seepage vectors.

At the end of the simulated rainfall event (Fig. 15d), the soil layer at
the top of the tread is near-fully saturated owing to the advancement of
the bottom-up front that reaches the topographic surface. As a result, a
seepage process initiates within the top soil layer and towards the
terrace riser, which also causes an increase in pore pressures in the
outermost part of the terrace. The seepage vectors are sub-parallel to the
layer 1-layer 2 interface (that is, with a dip of 5°), but at the terrace rim
the ground water table lowers due to the increasing velocities related to
the inclination change between the tread and the riser. Simultaneously,
the two deeper saturation fronts advance both downward and inside the
terrace, causing a progressive saturation of the basal colluvial layer
(Fig. 15d).

Three hours after the precipitation ends (Fig. 15e), the more
permeable surface soil layer is subjected to a rapid desaturation due to
the water discharge along the riser, which also causes a lowering of the
ground water table and a temporary decrease in the pore pressure. In the
outer part of the colluvial terrace, this rapid desaturation causes the
separation of the two saturation fronts, but the internal one continues to
move downward, progressively saturating the basal colluvial layer. Six
hours after the rainfall ends (Fig. 15f), the saturation front reaches the
layer 3-bedrock interface, determining the full saturation of the terrace
tread, which in turn, causes a rise in the ground water table and a related
pore pressure increase. As a result, in the outer part of the terrace, a
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Fig. 15. Variations of the volumetric water content and piezometric line at some paramount stages (a)-(h) of the simulated infiltration process within a colluvial
terrace, which were calculated assuming the rainfall which fell on 21-22 June 1996 and the actual initial saturation degree of the involved soil layers. The seepage

vectors are also shown.

tread-to-riser water outflow is triggered. This water outflow is favoured
by the unsaturated riser and is fed by the saturated tread, which acts as a
supplying reservoir. From this moment on, the water discharge along the
riser causes a slow but progressive desaturation of the terrace and a
consequent lowering in the ground water table (Fig. 15g). After two
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weeks (Fig. 15h), the intermediate colluvial layer is unsaturated,
whereas the basal colluvium is still partially saturated owing to its lower
permeability, which is responsible for the delayed water discharge.
The slope stability analysis allowed us to estimate the factor of safety
of the colluvial terrace over time, i.e., before, during and after the
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occurrence of an extreme hydrological event. It must also be noted here
that the main aim of this analysis is that of evaluating the FoS variations
rather than to calculate the exact FoS values at some paramount mo-
ments, which are strictly dependent on the assumed shear strength
properties that are, in turn, difficult to define at the slope scale. This
means that, the most important contribution of the performed slope
stability analysis is that of identifying the most critical moments in the
stability condition that the colluvial terrace experiences as a result of an
extreme rainfall event.

The initial stability condition of the colluvial terrace (Fig. 16a),
which was calculated before rainfall commences on the basis of suction
values of the unsaturated soils, is quite far from the critical condition
(FoS = 1.60). This value of FoS is associated with a slip surface that is
mainly located at the base of the top soil layer on the terrace riser. As a
result of heavy rainfall and the related increase in pore pressures, the
terraced slope reaches a first failure condition (FoS = 0.94) at the end of
the simulated precipitation (Fig. 16b). Notably, slope failure only in-
volves the soil layer along the terrace riser, where pore pressures are
higher during the initial stages of rainfall infiltration. This failure con-
dition is consistent with the actual soil slip activation that, according to
eyewitnesses, occurred during the peaks of intense precipitation. In
these circumstances, slope failure can occur at various distances from
the tread rim, thus explaining the variable distance between the slide
crown and the terrace border that was ascertained from field observa-
tions. Notably, the failure surface has a quite planar geometry and was
formed in correspondence with or slightly above the contact with the
underlying bedrock.

The terraced slope reaches a second failure condition (FoS = 0.98)
six hours after the rainfall ends (Fig. 16c), that is when the terrace tread
is fully saturated and is characterised by the highest values of pore
pressure due to a tread-to-riser water outflow (see Fig. 15f). In these
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circumstances, slope failure involves the outermost part of the terrace
tread, along a circular slip surface whose upslope end is located behind
the terrace rim. This slope failure type is consistent with most soil slips
that were activated in correspondence with the tread border, and which
are related to hydrogeological conditions that commonly occur some
hours after the rainfall ends.

When considering the variations of FoS over time (Fig. 16d), the
value of FoS rapidly decreases during the rainfall event owing to the
annulment of suction in the soil and the subsequent increase in pore
pressures. However, among the three cases simulated, Case 1 shows a
slower decrease of FoS that is caused by a lower rainfall intensity within
the first two hours of precipitation (30 mm/h and 40 mm/h of the ide-
alised hyetograph) and the consequent lower amount of water that in-
filtrates within the soil. Differently, Case 2a shows a sharper decrease in
the value of FoS that depends on both the higher initial degree of
saturation of the soils and the higher intensity of the first hour of pre-
cipitation (90 mm/h), which caused a more rapid saturation of the soil
layer of the terrace raiser. As a result, the failure condition (FoS < 1.00)
is achieved slightly before than the other cases (Fig. 16d). The lowest
values of FoS, which were calculated at the end of rainfall, determine a
reduction in slope stability of about 40% compared with the initial
stability condition. After reaching the first negative peak of FoS, the
subsequent rapid desaturation of the more permeable soil layer at top of
the scarp determines an increase of about 15% in the value of FoS
(Fig. 16d).

Then, FoS decreases due to the full-saturation of the terrace tread, up
to reaching a second negative peak. Interestingly, only Case 2a leads to
slope failure; whereas in Case 1 and Case 2b FoS is almost equal and
higher than 1.00 (Fig. 16d). This fact emphasises the key influence of the
initial saturation condition of the soil layers in the rainfall infiltration
process and pore pressure distribution within the terrace. In particular,
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an underestimation of the initial degree of saturation may lead to a
dangerous overestimation of the actual slope stability condition. Finally,
the progressive lowering in the piezometric line caused by the water
discharge along the riser results in a gradual increase in the slope sta-
bility of the terrace, which gains a recovery of FoS of about 20% after
two weeks (Fig. 16d).

5. Discussion and conclusions

Fluvial terraces originated from fill-and-cut sedimentary processes
that followed the deglaciation of the alpine valleys have already been
described in the literature related to various mountain regions in the
Alps, in particular in large basins or in correspondence with the major
stream confluences (Surian, 1996; Surian and Pellegrini, 2000; Colucci
et al., 2014). The characteristic geomorphological configuration of the
alpine terraces is related to the occurrence of the near-flat tread and the
moderately steep riser. From an engineering geological perspective,
alpine terraces characterised by thin (0.5-3.0 m) stratified covers of
colluvial materials are often involved in shallow failures (soil slips)
when the area is hit by very intense rainfall, even of a limited duration.
The shallow landslides related to the Chiarso valley case history confirm
the vulnerability of these types of slopes when they are affected by
extreme hydrological events. Notably, research on shallow landslides
involving alpine terraces related to deglaciation is lacking in the liter-
ature. As a result, this paper represents the first attempt to investigate
the hydrological conditions and mechanisms that are responsible for the
activation of soil slips on alpine colluvial terraces subject to rainstorms.

The typical stratigraphy of colluvial terraces occurring in the
mountain area of FVG is characterised by a 3-layer deposit with
diminishing saturated permeability (Paronuzzi et al., 2022). The pres-
ence of variably sorted soils with a high content of fine fraction (50% of
silt and clay) and an associated medium-to-low permeability (k =
107°-107® m/s) represents a predisposing geological factor for slope
instability of terraced landforms subject to intense precipitation. In
addition, the rainfall infiltration numerical modelling performed within
this study emphasised the strong influence of abrupt variations in the
permeability of the various soil layers forming the terraced slope on the
infiltration process at depth. Indeed, the inner hydrogeological discon-
tinuities determine, particularly in the case of highly intense precipita-
tion (I > 60 mm/h), the formation of a perched water table that moves
simultaneously upwards and downwards, particularly starting from the
organic soil-colluvium interface. During the infiltration process, local-
ised pore-water overpressures can rise at the main hydrological dis-
continuities within the colluvial deposit, as also proved by field
monitoring of groundwater flows in unsaturated soil slopes (Zhang et al.,
2000; Leung and Ng, 2013; Zhang et al., 2019). Therefore, one another
unfavourable predisposing factor for slope stability is represented by the
occurrence of significant variations in the hydraulic conductivity that
are induced by the stratification of the colluvial deposit or by the
presence of an underlying bedrock at low depth.

The most critical areas affected by slide-debris flows are the tops of
the terrace risers, that is just below the edges of the terrace treads, as
ascertained by extensive field observations performed along the Chiarso
valley after the rainstorm on 21-22 June 1996 and also reported by
previous authors for other Alpine slopes (Moser and Hohensinn, 1983).
This evidence demonstrates that the top of the terrace riser is charac-
terised by the most unfavourable hydrogeological condition for the
slope stability. Outcomes of the 2D seepage and slope stability analyses
demonstrated that the soil slip activation can occur at two different
stages during the infiltration process and are driven by different failure
mechanisms. The first critical stability condition is reached during the
phases of greater precipitation intensity or at the end of a rainstorm,
whereas the second critical condition is achieved some hours after the
rainfall ends. Both phenomena determine a considerable reduction in
the factor of safety of the slope, which can achieve failure even in the
case of a high initial stability condition, i.e., before heavy rainfall
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commences (FoS > 1.5).

Modelling results showed that, during the extreme hydrological
event, the rainfall infiltration within the soil voids rapidly saturates the
soil layer on the terrace riser and causes the onset of an ephemeral sub-
surface water table that is sustained by the permeability threshold rep-
resented by the basal contact with the underlying bedrock and is asso-
ciated with a seepage sub-parallel to the slope face. This finding is
consistent with previous investigations on the seepage process within
saturated slope debris covers overlying an inclined bedrock at a low
depth (Dapporto et al., 2005; Baum et al., 2010; Yang et al., 2017;
Balzano et al., 2019). As a result of saturation, the resistance contribu-
tion due to suction is lost and positive pore-water pressures rise, causing
a rapid decrease in the shear strength of the material and possibly
bringing the terrace scarp into a critical stability condition and causing
its eventual failure. The quick process of saturation is consistent with the
numerous testimonies that describe the activation of shallow landslides
during the phases of maximum intensity of the precipitation (Brand
et al., 1984; Paronuzzi et al., 1998; Dai et al., 1999).

Concurrently, the thicker and less permeable terrace tread is sub-
jected to an infiltration process that is mainly influenced by possible
localised decreases in the downward hydraulic conductivity, which
cause a progressive but slower saturation of the colluvial deposit,
despite the presence of a highly permeable top organic soil. This means
that the whole saturation of the terrace tread can occur some hours after
the rainfall ends, when the desaturation of the more permeable terrace
riser has already commenced. At the tread edge, the change in the
inclination of the slope profile determines the onset of a tread-to-riser
water outflow. The main source of water supply for the outward
seepage is represented by the gently dipping terrace treads, which stored
a large amount of water during the peak rainfall stages (reservoir-like
effect). These outflows are controlled in a decisive manner by the ge-
ometry of the bedrock and by the trend of the main hydrological dis-
continuities. This hydrological-driven effect is mainly related to the
organic soil-colluvium and layer 2-layer 3 interfaces, which are char-
acterised by abrupt variations in the permeability caused by the silty-
clayey materials of the colluvial deposit. This process determines a
rapid increase in the pore-water pressure in the outer part of the collu-
vial terrace, causing a second critical moment of slope stability condi-
tion and potentially leading to failure, even some hours after the rainfall
ends.

The achievement of the failure condition of a colluvial terrace is
strictly related to the initial degree of saturation of the materials
involved. In fact, the progressive saturation process is accompanied by a
simultaneous, rapid decrease in the soil suction (Lim et al., 1996; Urcioli
et al., 2016; Wang et al., 2020). The value of this negative capillary
pressure substantially depends on the degree of saturation of the soil and
on the grain size characteristics of the material (Rahardjo et al., 2019;
Wang et al., 2022; Wu et al., 2022). If the soil layer is close to saturation,
as typically occurs in the wettest periods characterised by frequent
precipitations, the value of suction is low or close to zero, as highlighted
by experimental measurements within this study. In these circum-
stances, the volumetric water content necessary to bring the soil to
saturation is very low. When the soil permeability is close to or lower
than the rainfall intensity, the soil layer that can be saturated is thicker.
Otherwise, the saturation of the surficial soil layer cannot be reached.
The latter occurs for highly permeable soils, in which the infiltration rate
is higher than the intensity of the precipitation falling on the topo-
graphical surface. The performed seepage and slope stability analyses
stressed the importance of a proper evaluation of the initial degree of
saturation of the soil layers forming the stratified terrace, which can be
obtained through adequate experimental measurements at different
depths within the colluvial deposit (Paronuzzi et al., 2022). In partic-
ular, an underestimation of S can lead to a dangerous overestimation of
the stability condition of the slope during the occurrence of the extreme
hydrological event.

The shallow slope failures described can be classified as slide-debris
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flows, whose failure process initiates as a planar or slightly circular
sliding but can evolve in a single or multiple debris flow. The possible
activation of a debris flow is related to the achievement of the critical
state corresponding with the fluidisation of the mobilised material
(Iverson et al., 1997; Haq et al., 2023). The debris flow is the result of an
undrained deformation of the soil that occurs in the presence of a
typically contractive behaviour (Sassa and Wang, 2005; Iverson and
George, 2014). Due to the continuous deformation in the basal shear
zone, very small load increases are sufficient to overcome the peak
resistance. Under these conditions, the material reaches an undrained
residual strength (soil softening) and small load increases are enough to
cause mass mobilisation of the debris cover.

Finally, this study has showed that a critical value of rainfall in-
tensity of about 40-45 mm/h was responsible for the saturation of the
alpine colluvial terraces and the activation of soil slips in the mountain
basins of FVG. Notably, this critical value has been determined on the
basis of an engineering geological characterisation of specific rainfall-
induced shallow landslides and differs methodologically from
threshold values only obtained through statistic-based landslide sus-
ceptibility analyses related to regional-scale hydrological studies (e.g.,
Wei et al., 2018). This value of rainfall intensity should be considered as
a rainfall threshold for similar mountain basins characterised by a
humid continental climate and by the occurrence of colluvial deposits
with a high content of fine fraction originated by weathering of terrig-
enous rock mass sequences.
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